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PREFACE
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SUMMARY

This experimental program is one in a series of research programs undertaken
by the National Aeronautics and Space Administration to develop methods and
data needed for design against fracture in structural components. This
experimental and analvytical program was directed to determine the effects of
(1) combined tensile and bending loadings, (2) combined tensile and shear
loadings, and {3) proof overloads on fracture and f]aw growth characteristics
of aerospace alloys. Tests were performed on four alloys used for aerospace
pressure vessels: 2219-T87 aluminum, 5A1-2.5Sn (EL1) titanium, BAl-LY BSTA
titanium and high strength 4340 steel. Twenty surface flawed specimens of
S5A1~2.55n (ELI) titanium were tested in liguid nitrogen or liquid hydrogen
environment to determine the effects of combined tension and bending stresses

or pure bending stresses on fracture.

Sixty surface flawed specimens of 2219-T87 aluminum and 6A1-4V 3STA titanium
altoys were tested to determine proof test temperature effects on sub-
sequent fracture strength and flaw growth characteristics. These static
fracture and fatigue tests were conducted in room air, liquid nitrogen and

liguid hydrogen environments.

Eight inclined center cracked flat specimens and two cracked tube specimens
of 4340 steel were tested to determine the fracture criterion under combined
Modes | and 1l loadings. Ten circumferentially notched round specimens of
§340 steel were tested to determine the fracture criterion under combined
Modes | and Il loading. Ten inclined surface flawed flat specimens loaded
in tensfon and sixty-six surface flawed cylindrical specimens of steel,
aluminum and titanium subjected to combined tension and torsion were loaded
to fallure to investigate the fracture criterion under combined Modes, I, |l
and 11l loading. Thirty-six surface flawed cylindrical specimens were sub-
jected to simultaneous cyclic tensile and torsional loadings to determine
cyelic flaw growth characteristics in the presence of KI’ K|r and KIII' These
tests were conducted in room air or in gaseous nitrogen environment at -200°F

(144K) .

Surface notched photoelastic specimens were tested in pure tension or torsiocon

loading to determine stress intensity factors around the notch periphery.

xXi



Results of combined tension and bending stresses showed that good estimates
of failure loads can be made for structures containing surface flaws subjected

to combined tension and bending stresses.

Results of proof-test-temperatures showed that proof load/temperature histories
used in the tests have a small beneficial effect or no effect on subsequent

fracture strength and flaw growth rates.

The empirical relationship K, + KII:: K'C or Kl/Krc + K“/K“C = | adequately
represents the fracture criterieon under combined Mode 1-11 loading for 4340
steel at =-200°F (144K). For cracks subjected to combined Mode I-111 or

I-11-111 erack surface deformations, the application of KIII up to about 70
percent of KIllcr has little effect on K, at which fracture occurs. Similarly,
the application of Kl up to about 70 percent of chr has little effect on KIII
at which fracture occurs. The lower bound of the fracture criterion F(K', K|||)
can be adequately described by a single quadratic equation of KI/Kicr and Klll/

Klllcr for steel, aluminum and titanium.

Cyclic lives for surface flawed cylindrical specimens subjected to combined
tension and torsion can be predicted from the cyclic lives of the surface
flawed specimens subjected to pure tension and the static fracture criterion

for the same flaw-specimen configuration under combined tension and torsion.

Results of photoelastic tests showed that for crack geometries tested, for
tension loaded surface flawed cylindrical specimens KI is maximum at the maxi-
mum flaw depth and minimum at the intersection of the flaw periphery and the
specimen boundary. Values of KI can be calculated with the stress intensity
factor solutions of a surface flaw in a plate or a single edge crack in a
plate within 15 percent. For torsion loaded surface flawed cylindrical spec~
imens, KEI is minimum at the maximum flaw depth and is maximum at the inter-
section of the flaw periphery and the specimen boundary. Values of KII at the
former location is approximately § percent of KII at the later location. An
equation was developed to calculate KII at the intersection of the flaw
periphery and specimen boundary within an accuracy of about 10 percent for

these specimen-flaw configurations.



1.0 |NTRODUCTION

Structural components and pressure vessels for space shuttle and space vehicle
systems may contain crack-like defects due to material processing or fabrica-
tion procedures. Experience has shown that such defects can provide origins
for brittle fracture either during initial pressurization of after limited
service use. Fracture control methads for high strength metallic pressure
vessels(])have been developed to ensure that crack-like defects will not grow
during service use to a size sufficiently large to impair performance. These
methods require knowledge of the fracture toughness and subcritical crack
growth characteristics of the constituent materials. Data obtained from tests
of surface flawed specimens have proven to be the most useful for fracture con-
trol of spacecraft and booster structure. Surface flaws are coﬁmon]y found in
aerospace hardware and are subjected to plane strain crack tip deformations.
Since plane strain deformations result in minimum resistance to both brittle
fracture and stress corrosion cracking, surface flawed specimens are a severe

but realistic mode of potential failure origins in aerospace hardware.

The application of fracture mechanics concepts to selection of materials,
operating stress levels, appropriate inspection criteria, and definition of
safe operational procedures for aerospace pressure vessels has been the sub-
ject of several NASA programsfz-g). A significant body of data on the mech=
anical properties, fracture toughness, and subcritical flaw growth character-
istics for selection of operating and proof test stress levels have been ob-
tained from these programs. The previous programs have generally emphasized
testing surface flawed specimens under uniform tension stress fieids. However,
potential fracture origins are often subjected to combined tensile and bending
stress fields, pure bending stress fields and combined tensile and shear stress
fields. Fracture criteria under static loading and flaw extension data under
cycling loading for these situations are not available and are needed to

assist initial design decisions. In the past, proof testing of pressure vessels
has been conducted fregquently at a relatively higher temperature, such as room
ambient temperature, prior to proof testing at a cryogenic temperature. How-
ever, the effects on flaw extension characteristics of proof testing at a room
ambient temperature prior to proof testing at a cryogenic temperature still

need to be evaluated.



This experimental and analytical program was undertaken to investigate the
effects of (1) combined tensile and bending loadings, (2) combined tensile

and shear loadings, and (3) proof overloads on the flaw growth characteristics
of crack-like defects under conditions of plane strain. Tests were performed
on four alloys used for aerospace pressure vessels: 2219-T87 aluminum, 5Al-
5.55n (ELT) titanium, GAI-4V BSTA titanium, and 4340 steel (ays = 210 ksi
(1448 MN/mz)). 5al1-2.55n (EL1) titanium surface flawed specimens were tested
at -320°F (78K) to determine the effects of combined tension and bending
ctresses and at -423°F (20K) to determine the effects of pure bending stresses.
Flat specimens containing center cracks or surface flaws and cylindrical spec-
imens containing circumferential cracks or surface flaws of 4340 steel were
tested at ~200°F (144K) in a gaseous nitrogen environment and at 72°F (295K)
under ambient conditions to study the effects of combined tension and shear.
Surface flawed cylindrical specimens of 2219-T87 aluminum and 6A1-4Y BSTA
titanium alloys subjected to combined tension and shear loadings were tested
under ambient conditions to determine failure criterion and cyclic flaw growth
characteristics. An experimental stress analysis to determine the stress
intensity factors of surface flaws in cylindrical specimens under tension or
torsion loading was conducted using three-dimensional photoelasticity. Sur-
face flawed specimens of 2219-T87 aluminum and 6A1-4Y BSTA titanium alloys

were tested to investigate proof test temperature effects.

Section 2 gives the technical background for semi-elliptical surface flaws in
plates subjected to tension. Description of materials and experimental pro-
cedures common to Sections 4, 5, 6 and 7 are included in Section 3. Technical
background and experimental procedures pertinent only to a particular series

of tests is included in the section where the tests are described. Experimental

results and interpretation of results are presented in Sections b through 8.



2.0 BACKGROUND

The concept of the stress Intensity factor employed in fracture mechanics

is used to evaluate the experimental results in this reéport. The part
through surface crack represents a common failure origin in many metallic
aerospace structures. Surface cracked specimens were tested to develop

data for use in life predictions, failure analyses, and fracture prevention
of metallic structures. The background information for the expression of

. stress intensity factors for a semi-ellfptical surface crack is given in the
following paragraphs. This background information is given only for surface
cracked specimens subjected to tensile loading. Tests of this kind of spec-
imen are described in Sections 4, & and 6. The expressions for the stress
intensity factors and the background information for other crack geometries

and loading conditions are described in respective discussion sections.
2.1 STRESS INTENSITY FACTORS FOR SURFACE CRACKED SPECIMENS IN TENSION

Irwin(9) derived an approximate expression for the stress intensity factor
for a surface {semi-elliptical) cracked specimen subjected to uniform tension.
This derivation was based on a sclution of an elliptical crack in an infinite

(10) and on a solution of an edge-cracked semi-infinite soiid(]}). The

solid
stress intensity factor at the maximum crack depth {point A in Figure 2-1} of

the semi-elliptical crack was given as

= UE:) -
KI 1.1 ¢ ) (2-1)
where
Q= [E(k)]2 - 0.212 (o/qysl2
g = applied uniform uniaxial gross tensile stress
Gys = yield strength of the material
E(k) =complete elliptical integral of the second kind
associated with k2 =1 - a2/c2
/2
= [ v/ 1-kZsin?adh
0
a = maximum crack depth’
2¢ = crack length



The above expression for the stress intensity factor was estimated to be
applicable for flaw deoth to specimen thickness (a/t) ratios and flaw depth
to length ratios {a/2c) less than 0.5. A number of approximate solutions

for the stress intensity factor at the maximum depth for surface flaws deeper

than 50 percent of the platé thickness have been proposed by many inves-
{5,12-18)

(15,16)

tigators 0f all these solutions, mathematically more rigorous

solutions are all based on the alternating technique suggested by

(19)

Kantorovich and Krylov Approximate solutions for the stress intensity
 factor of a seﬁi-ellipt?caf surface flaw in a plate are given in Reference
15 based aon the alternating method with an elliptical crack in an infinite
solid. Approximate solutions for the stress intensity factor of a part-cir-
cular surface flaw in a plate are given {n Reference 16 based on the alter-
nating method with a circular crack in an infinite solid. Other approximate
solutions for surface flaws are based on model analysis and empirical tech-

(12-14,17) (18) (5)

niques and experimental results .
In all these solutions, the stress intensity factor K

y finite element analysis
| at the maximum crack
depth of a surface flaw in a plate can be expressed by the following equation

K, =M, o - {2-2)

where MK is a stress intensity magnification factor incorporating the effects

of the stress free front and back surfaces. The stress intensity magnifica~

(15),

tion factors MK based on the numerical analysis of Shah and Kobayashi

(5)

data for a wide range of crack depth to length ratios a/2c and crack depth to

and the empirical analysis of Masters et al agree well with experimental

specimen thickness ratios, a/t. Stress intensity magnification factors, MK’
given by Reference 15 are available and applicable over a wider range of a/2c

and a/t ratios. Hence, this solution is used in this report for the evalua-

tion of surface flaw data from tension tests.

Figure 2-1 is a plot of Q as a function of a/2c. Figure 2-2 shows stress

(15)

intensity magnification factors MK as a function of a/t and a/2Zc.



2.2 RELATIONSHIP OF CRACK QPENING MEASUREMENTS TNH CRACK GROWTH RATES
FOR SURFACE FLAWS

An expression for the crack opening displacement for a comnletely embedded
elliptical crack in an infinite solid subjected to a uniform tensile stress
o, is qgiven in Reference 10. The maximum crack opening disolacement,§,
occurs at the diametral center of the crack and is given by the following

equation

2
_h{1=v?) o a -
= TEUy (2-3)
where v and E are Poisson's ratio and Young's medulus for the material.
Although, an exact expression is not available for the crack opening dis-
nlacement for a semi-elliptical surface flaw, such displacements should also
be proportional to o, a and E(k) for elastic materials. By following lrwin's
(9)

procedure to account for the effect of plastic vielding, the flaw

opening displacement for a surface flaw can be anoroximated by

a
il s (2-1)
where the factor € is a function of the material properties, and the ratios
of crack depth to plate thickness, a/t,and crack depth to crack length, a/2c.
Similar to MK in Figure 2-2, factor C is also affected by the proximitjes of
two stress free surfaces located near a surface flaw in a plate. Thus, the
value of C gradually increasgs as the flaw depth, a, increases for a
given a/2c and thickness. This result is alsoc confirmed in the experimental

test results of Reference 20.

The value of C can be determined at test initiation and final (termination)
conditions from knowledge of the stress level, initial and final flaw sizes,
and the corresponding flaw opening displacements from equation (2-4),

as follows

5V

c. =— o {2-5)
|
& VQ -
_ fYef -
CF T o oa (2-6)

(%2}



Subscripts i and f denote initial and final conditions respectively.

In order to relate any intermediate value of a/y/f with § ( or cycles MY, C
has to be known. Flaw denth and shape changes gradually in a specimen.

It was shown in Reference 20 that the [ can be assumed to vary linearly

between its imitial and final values.

In order to determine & or N for a selected flaw depth a, Q needs to be
determined. This requires a relationship between flaw denth a and flaw
length 2c. Since the relationship between a and 2c is known at inital

and final conditions and the flaw shape changes gradually, it is assumed

that 2¢ varies linearly with a, as given by the following equation.

! | (2-7)

The flaw shape parameter Q can now be determined as a function of flaw depth
a, and, in turn, & can be related to crack depth using equation (2-4). The
number of cycles, N, corresponding to each selected flaw depth value, a,

can be determined from the test record and, conseguently, the change in N
for each increment of flaw depth is known. The crack arowth rate da/dN can

then be calculated.



3.0 MATERIALS AND PROCEDURES

3. MATERIALS

A 5A1-2.55n (ELI) titanium nlate, 0.30 by 36 by &0 in. (20.3 by 91h4.4

by 1524.0 mm) was obtained in the mill annealed condition per MIL-T-90h6E.
lngot comnosition provided by the vendor is listed in Table 3-1. This plate
was from the same heat-batch as that used in Reference & tests. As noted

in Reference &, the plate was partially annealed at mid thickness. The
plate was annealed at 1550°F (1117K} for 16 hours prior to machining test
specimens. Mechanica].properties of the alloy at -320°F {(78K) and -423°F (20K)
are listed in Table 3-2. Surface flawed specimens used to evaluate the
effects of pure bending, and combined bending and tension stresses (as

described in Section L) were fabricated from this plate.

AAT-LY titanium nlates, D.375 by 24.0 by 72.0 in. (2.5 by £08.6 by 18288 mm)
and 1.0 by 24.0 by 36.0 in. {(25.L by 609.6 by 9144 mm) were purchased in
the annealed condition per MIL-T-90LEF, Type |11, composition C. These plates
were solution treated and aged (STA) per BAC GA13 Condition LIl specifications
which are as follows:
Solution Treat 1725°F121&K) 15 to 25 minutes Water Quench
Aqe 1000°F(811K) I to 5 hours Air Cool
Mechanical properties for 0.375 in. {9.5mm) thick fA1-hy (STA} titanium
plate are given in Table 3.2. As seen from Tahle 3.2, there s a considerable
spread in the strength (vield or ultimate) values of longitudinal and transverss
directions. Also, the ultimate strength in the lonaitudinal direction
is considerably higher than that normally encountered for the material.
Microstructural examination (Figure 3-1) revealed that the material had
a preferentially coriented and a banded microstructure making it behave
anisotropically. The microstructural examination alsc revealed that the
rollins direction was not parallel to the length of the plate (72.0 in.
(1828.8mm) side). Instead, it was paralle! to the width {2h.0 in. {A09, & mm)
side). A basal plane 002 pole figure as determined by a computerized X-ray
analysis technique (21) showed that the STA material had a high anisotropy

index.



Beta anneal treatments (1900°F (1311K) for 25 minutes and air cool) were given
to these plates to reduce the anisotropy index and to yield a random
microstructure. The plates were then solution treated and aged (STA) per

BAC 5613, Condition 11 spe;ifications, as mentioned before. The mechanical
properties of 0.375 (9.5 mm) and 1.0 in. (25.4 mm) thick BSTA plates are

given in Table 3-2. Table 3-2 shows that mechanica! properties in Tongitudinal
and transverse directions for E5TA plates are essentially identical. Basal
plane pole figures determined for RSTA plates showed a low anisotropy index.
Microstructures for 0.375 in. (9.5 mm) and 1.0 in. (25.4 mm) thick BSTA titan-
ium are shown in Fiqures 3-2 and 3-3, respectively. These microstructures
exhibit large equiaxed prior beta grains with a fine a/R platelet structure.
Surface flawed specimens tested to investigate effects of proof test
temperature and pressure cycles on subsequent fracture strength and cyclic
life of pressure vessels (as described in Section 5) were fabricated from

the 0.375 Tn. (9.5 mm) thick BSTA titanium plate. Surface flawed cylindrical
specimens tested to determine a failure criterion and cyclic flaw growth
characteristics under combined tension and torsion (as described in Section

6) were machined from the 1.0 in. (25.4 mm) thick BSTA titanium plate.

A L4340 steel plate, 1.0 by 20.0 by 72.0 in. (25.4 by 508.0 by 1828.8 mm),
normalized and tempered to a Rockwell C hardness of 33 maximum was purchased
according to AMS 63589 specifications; Chemical composition provided by_the
vendor is listed in Table 3-1. Specimens tested to investigate combined

mode (Modes 1, 1] and |i1}) fracture were fabricated from this plate (as
described in Section ). EDM flaws were introduced in the specimens. The
specimens were then subjected to heat treatment according to BAC 5617
specifications so that the ultimate strength was 260-280 ksi (1793-1931 MN/m?)

at room temperature. BAC 5617 specifications are given below. -
Austenitize 1550°F {1117K) 30 to 90 minutes depending on specimen thicknes%‘
0il Quench 140°F (333K) maximum
Double Temper 400°F {478K) 3 to 4 hours, depending on specimen thickness.

Mechanical properties of the heat-treated alloy are given in Table 3-3.

2219~aluminum plates, 1.0 by 36.0 by 84 in. (25.4 by 914.4 by 2133.6 mm) and
2.5 by 48.0 by 48.0 in. (63.5 by 1219.2 by 1219.2 mm) were obtained in the
T87 condition per BMS 7-105¢ (equivalent to MIL-A-8920 ASG) specifications.

Specified 1imits on chemical composition are listed Tn Table 3-1. The

8



plates were from the same heat-batch as that tested in Reference 6.

Mechanical properties of these plates are given in Table 3-h. Surface

flawed aluminum specimens tested to investiqate effects of proof test
temperature and pressure cycles on subsequent fracture strength and flaw
growth characteristics (as described in Section &) were machined from

1.0 in. (25.% mm) thick nlate. Surface flawed cylindrical aluminum specimens
tested to determine a failure criterion and cyclic flaw growth characteristics
under combined tension and torsion were fabricated from 2.5 in. (63.5 )

thick plate.
3.2 PROCEDURES

Experimental procedures used throughout the test oroaram are described in
this section. Procedures applicable to a given series of tests only are

reported in the section describing those tests.

All test specimens were precracked by growing fatigue cracks from starter
slots under low stress tension fatique loadings. Starter slots with dimensions
slightly less than the required final flaw dimensions were introduced

using an electrical discharge machine (EDM) . The EDM slots were then

extended under low stress tension fatigue. The maximum cyclic stress

levels used on specimens of different materials are given helow:

LA1-2.55n (ELY) Titanium specimens 20 to 35 ksi

(138 to 241 MN/m?)
434D steel specimens 20 to 35 ksi 5
{138 to 241 MN/m")
2219-T87 aluminum cylindrical snecimens 8 to 10 ksi ”
. (55 to 63 MN/m™)
2219-T87 aluminum flat specimens 12 ksi 2
(R3 MN/m“)
GAT-4Y BSTA flat specimens ho ksi ’
’ (276 MN/m“)
6A1-LV 8STA cylindrical specimens 25 to 31.5 ksi 5

{172 to 217 MN/m")
Crack surfaces were perpendicular to the rolling direction for the 5A1-2.5 Sn
(EL1) and 6A1-hV BSTA titanium specimens and parallel to the rolling direction

for the 2219-T87 aluminum alloy specimens.

O



Tests at -423°F {20K) were conducted with specimens completely submerged in
liquid hydrogen within an enclosed eryostat. The liquid level was monitored
by means of liquid level sensors. After the liquid reached the desired level,
specimens were soaked for 15 minutes to stabilize test conditions. Maximum
cyclic loads applied during the first loading cycle were controlled by means
of a hand-operated valve. To avoid overloads, the initially apnpiied maximum
load was limited to 90 percent of the required maximum load. Minor load
adjustments were made during subsequent cycles to raise the load to the re-
quired value. The specified load level was always reached within three to

five cycles.

Tests at -320°F (78K) were conducted by submerging test specimens in liquid
nitrogen. Titanium alloy specimens and aluminum alloy soecimens less than

16 in. (406.Lmm) in length were completely submerged within a closed cryostat.
Aluminum alloy specimens areater than 16 in. (40f.hmm) in lenath were submerged
only in the gage area using a wrap-around cryostat. Thermocounle temperature
measurements showed that the anage areas were maintained at -320°¢F (78K} .

Prior to the installation of the cyclic test snmecimens, a dummy specimen was
used to adjust cyclic loads to the required values. The test specimen was

then substituted for the dummy specimen, cooled to -320°F (78K), soaked for 15
minutes, and tested. Due to the prior load adjustment, the required maximum

cyclic load was applied on the very first loading cycle.

Tests at -200°F (144K) were conducted by exposing test specimens to a gaseous
nitrogen environment in a closed cryostat. The temperature of -200PF (1L4K)
was maintained in the cryostat by controlling the supnly of naseous nitrogen
and ligquid nitroegen. A thermocounle mounted on the specimen near the flaw
was used to determine the specimen temperature. Loading was commenced 10 to

15 minutes after the specimen had reached a temperature of -200°F (144K) .

Mechanical properties were determined by testing specimens with uniform gagqe
areas as shown in Figure 3-h., A1) mechanical property specimens were instru=
mented with a 2.0 in. (50.8mm) qage length extensometer. Mechanical nroperty
tests were conducted using a strain rate of 0.0005 oer minute until the material
yield strength was exceeded:; the strain rate was then increased to 0.02 per

minute until failure. The loading rates for each static Fracture specimen

10



were such that failure resulted at about one minute after initial load applica-
tion. All cyclic loading profiles were sinusoidal with a cyclic freguency of
20 cpm (0.33 Hz) at 72°F (295K) and -320°F (78K), and 3 cpm (0.05 Hz) at -h423°F
(20K) .

Most surface flawed flat specimens were instrumented with a crack opening
displacement (COD) clip gage to provide a continuous record of COD versus
applied load for static tests and COD versus applied cycles for cyclic tests.
When flaws were of sufficient size, the clip gage was mounted in the flaw as
shown in Fiqure 3-5. For the smaller flaws, COD brackets were microspot
welded on the surface of the specimen as shown in Figure 3-6. COD recordings
were used both to calculate crack growth rates and as a basis for terminating
tests just prior to failure. Normally, a cyclic test could be terminated

within a few cycles of specimen failure by observing the COD output.

11



4.0 SURFACE FLAWS UNDER COMBINED BENDING AND TENSION STRESSES

Potential flaw locations in aerospace hardware such as weld lands are often
subjected to combined bending and tension stresses. Critical flaw size and
minimum cyelic Tife for these conditions can be estimated if a fracture
criterion and a solution for the stress intensity factor are known. Very
limited experimental data has been generated to investigate effects of com-
bined bending and tension stresses on fracture and fatique growth of surface
flaws(G). Under a NASA program(G), this data was generated from 2219-T87
aluminum and 5A1-2.5Sn (ELI} titanium base metal specimens with simulated
weld land build up. The specimens were tested under uniform tension
stresses and all static fracture tests were performed at -320°F (78K} in
liguid nitrogen. The following describes the experimental program designed
to further explore and evaluate effects of the combined bending and tension
stresses, and pure bending stresses on fracture criterion of surface flaws.
Material selected for the tests is 5A1-2.55n (ELI} titanium which is from
the same plate as the one tested in the previous prOgram(é).

4.1 STRESS INTENSITY FACTORS FOR SURFACE CRACKS UNDER COMBINED TENSION

AND BENDING

Stress intensity factors for a semi-elliptical surface crack in a plate sub-
jected to extensional (tensile) and bending stresses are calculated by the

following expression

K =Ko+ Ky (4-1)
where
K' = stress intensity factor due to combined extensicnal and
bending loading
Klt = stress intensity factor due Lo extensional {tensite)
loading only
Kib = stress intensity factor due to pure bending only.

The stress intensity sclution for surfoac.. cracks at the maximum depth due to

uniform tensile (extensional) loading is discussed in Section 2 (Equation 2-2).

13



Three approximate solutions are available to calculate the stress intensity
factor at the tip (maximum crack depth) of a semi-elliptical surface flaw in

a plate subjected to pure bendTng(]3’15’]7’22).

The stress intensity factor
due to pure bending, Klb’ at the maximum crack depth is expressed in the

following form

K. =M. o Ta (4-2)

where MB is the parameter for the stress intensity factor which is a function
of the crack depth to length ratio, a/2c and the crack depth to specimen thick-
ness ratio, a/t. Ig is the maximum bending stress at the outer fibers of the
specimen. Approximate MB values in Reference 13 were estimated for various
values of a/2c and a/t {a/t < 0.5) ratios from the solutions of an edge

(23)

face flaw {a/2c = 0.5) in a thick plate subjected to pure bending(

and a semicircular sur-
24)

. MB
values in References 15 and 22 were obtained from the superposition of the

cracked plate {a/2¢ = D) subjected to pure bending

solution of a surface crack in a plate in tension and the solution of an
elliptical crack approaching the free surface of a semi-infinite solid and
subjected to linearly varying pressure. MB values were obtained for various
a/2c ratios and a/t values up to 0.9. The other approximate solution for a

(17)

surface crack in bending was obtained from the line-spring model. The
solution given in References 15 and 22 for MB is available and applicable

over a wider range of a/t values and it also seems to be more accurate than
other solutions as indicated by three-dimensional photoelastic experiments(ZS).
Hence, this solution was used for evaluation of the test results. The relation-

ship of MB with respect to a/t and a/2c is given in Figure 4-1.

Two approximate solutions are available to calculate the stress intensity factor
at the maximum crack length (point C in Figure 4-1} of surface flaws in a plate

(13,26)

subjected to pure bending At present, there is no solution available

to calculate the stress intensity factor at any intermediate point on the flaw

periphery between points A and C in Figure k-1,
4.2 TEST PROGRAM

Effects of combined bending and tensile stresses on surface Flaws were

experimentally evaluated on 5A1-2.55n (ELI} titanium according to the test

14



program outlined in Table 4-1. Test specimen configurations are illustrated
in Figure 4-2 for e = § and in Figure 4-3 for ¢ # 0 where e 1is the offset

of the center section of the specimen with respect to the end section of the
specimen, as shown in Figure #-3. The surface flaws in all these specimens
had an a/2c ratio of approximately 0.25. The specimens with e = 0 were tested
for two a/t ratios of approximately 0.3 and 0.4 under uniform tensile stresses.
These uniform thickness specimens were tested to determine the static fracture
toughness of the material using flaws nearly identical to those tested under
combined bending and tension stresses. Specimens with e = 0.045 in. (1.74 mm)
and ex 0.090in. (2.29 mm) were tested for two a/t ratios of approximately

0.3 and 0.5 under applied tensile loadings. All these static fracture tests

were conducted at -320°F (78K) in a liquid nitrogen environment.

Effects of pure bending stresses on the fracture criterion of surface flaws
were experimentally studied on 5A1-2.55n (ELI) titanium according to the test
program outlined in Table 4-2, The test specimen configuration is shown in
Figure 4-4. The tests were conducted under four noint bending, as shown in
Figure 4-4, to obtain a uniform bending moment over the test section of the
specimen. The surface flaws in all these specimens had an a/2c ratic of
approximately 0.25. The specimens were tested at four different a/t ratios
of approximately 0.2, 0,3, 0.4 and 0.5. All these static fracture tests were

performed at =-423°F (20K) in liquid hydrogen environment.

4.3 DESCRIPTION AND ANALYSIS OF RESULTS

4.3.1 Specimen Calibration

The load-bending stress behavior of the test specimen shown in Figure 4-3 is
nonlinear. Therefore it was necessary to generate experimental load versus
bending stress calibration curves. These curves were established for two
different values of offset, e = 0.04 in. (1.03 mwm) and e = 0.090 in. (2.29 mm)
by testing unflawed specimens instrumented with four pairs of back-to-back
strain gages located at the specimen centerline as illustrated in Fiqure 4-5.
Each specimen was incrementally loaded at =320°F (78K) in applied stress

steps of 25 ksi and strain readings were taken after the addition of each load
increment. In both specimens, the measured strains were guite uniform across
the specimen width at all load levels. Average tensile strain and average

bending strain across the specimen width were determined for each particular
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applied load., (If £ and €, are the average strains across the width of the
specimen on the surfaces 1 and 2 in Figure 4-5, then the average tensile
strain across the specimen section is (e] + 52)/2 and the average bending
strain across the width at Fhe surface 1 is (e] - 52)72.) The bending stress
for this applied load was then calculated by the following expression.

Average bending strain
Average tensile strain

Bending stress = Applied stress x

The resultant load versus bending stress curves are plotted in Figure 4-6.
The bending stress in a flawed spacimen at fracture was determined from these

calibration curves.
4,3.2 Static Fracture Tests under Combined Bending and Tensile Stresses

Results of fracture tests, conducted to determine the fracture toughness K
of 5A1-2.5Sn (EL!) titanium at -320°F (78K), are summarized in Table 4-3.
g is 84.0 ksivin (92.3 MN/m/2).

Fracture surfaces of all four specimens were very flat near the periphery of

IE

The average value of the fracture toughness, K

the surface flaw. KIE was calculated according to equation (2-2) given in

Section 2.

Fracture tests results of the eight surface flawed specimens subjected to
combined tension and bending stresses are given in Table 4-4. These spec-

imens (Figure Le3) were loaded to failure in tension loading in a tiquid
nitrogen environment. The fracture surfaces were flat around the flaw periphery
in these specimens also. The critical stress intensity factor at failure
(fracture toughness) K . was caleulated according to equation (4-1), (4-2)

and (2-2). Maximum bending stresses og at the outer fibers at failure were
estimated for the failure load and the offset e by interpolation or extra-
polation of the plots of bending stress versus applied load given in Figure 4-6.
The resultant values of oy are given in Table 4L-4. Results of Table 4~k show
that the calculated value of K"r varies from 74.4 to 96.2 ksivin (81.8 to

105.8 MN/mB/Z), compared to a :ange in fracture toughness KIE of 81.0 to

89.5 ksivin (94.7 MN/m3/2) in Table 4-3. The average value of Kcr is 86.1

ksivin (94.7 MN/m3/2) and compares well with the average value of Kig of
84.0 ksiv/in (92.3 MN/m>’2).
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The lowest and the highest value of Kcr in Table b4-4 differ only 12 percent

from the average value of K From these results, it can be deduced that

IE’

qgood estimates of critical flaw sizes can be made from KIE’ the tensile stress
is small compared to ¢ Conversely,

o. and the bending stress, Ig when o

T T?
good estimates of failure loads can be made for structures containing surface

B

flaws subjected to combined bending and tension stresses when KIE’ flaw size

and the relationship between O and 97 is known. These conclusions are the

same as those in Reference 6.

Examination of the results of Kcr with bending stress I and a/t in Table 4-4
indicates that neither high nor low values of Kcr are directly connected with
either high or low values of gg or a/t ratios. Hence, from this limited data

it is concluded that this slightly higher range in Kcr values in combined
tension and bending tests is due to scatter in the data and cannot be explicitly

attributed to approximations in the stress intensity solution.
4.3.3 Static Fracture Tests under Pure Bending Stress

Results of fracture tests of the eight surface flawed specimens subjected to
pure bending stresses are summarized in Table 4-5. Fracture surfaces for all
eight specimens were flat. Specimens 2TPBH-1 and 2TPBH-2 were instrumented
with a ¢lip gage to measure the crack opening displacement. Load versus crack
opening displacement records for these two specimens are shown in Fiqure L-7,
These records show that considerable ﬁrack growth occurred prior to fracture,
However, the © percent secant offset load P5 as defined in Reference 27 for
both of these specimens was approximately 91 percent of the failure load, PF.
Hence, the critical stress intensity factor Kcr calculated based on the fracture
load is less than 10 percent higher than K calculated based on the load PS.
Since the other six specimens of Table L4-5 were not instrumented, the Kcr values
in Table 4-5 are calculated based on fracture loads to maintain uniformity in
data reporting. The ratio of specimen width to flaw length W/2c, for the last
two specimens, 2TPBH-7 and 2TPBH-8, in Table 4-5 was somewhat low at about 2.4.
The resulting effect of proximities of the stress free surfaces in the widEha)
16

direction would be to reduce the measured value of stress intensity factor

Hence, results of these two data points are ignored.
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As mentioned in Section 4-1, Kcr values are calculated at peint A (maximum
crack depth} as shown in Figure 4-1. Examination of results in Table 4-5
reveals that as the ratio a/t increases from 0.2 to 0.4, the calculated K
drops from 85.6 to 73.6 ksi¥in (94.1 to 80.9 MN/m3/2). This behavior canCr

be explained as follows.

For a surface flawed specimen subjected to pure bending, the maximum stress
intensity factor is not necessarily at the maximum crack depth. Location of
the maximum stress intensity factor depends upon the a/t and a/2¢ ratios. |f
the a/2c ratio is close to 0.5, the maximum stress intensity factor for pure
bending occurs near point C at the surface in Figure &-1. However, plane
stress conditions exist at this point and the applied K must approach the
plane stress fracture toughness for the fracture to originate there. The
plane stress fracture toughness is substantially higher than the plane strain
fracture toughness and hence, the fracture probably originates at a point on
the crack periphery somewhere between points C and A. Ffor a surface flawed
specimen with a/2c & 0.25, the maximum stress intensity factor occurs at the
maximum crack depth (Point A in Figure 4-1) for small a/t ratios. However,
as the a/t ratio increases, the location of the maximum stress intensity
factor would move from point A towards point C on the periphery in Figure 4-1.
In Table 4-5, the stress intensity factor, Kcr’ is calculated only at the
maximum crack depth (point A) and, as expected, the calculated Kcr valugs

decrease with increasing values of a/t.
4.4 CONCLUSIONS AND OBSERVATIONS

Limited data developed for surface flaws subjected to combined bending and
tension stresses for small ratios of bending stress to tension stress

(UB/OT < 1/3) shows that K., calculated with equations (A-1), (4-2) and (2-2)
compares quite well with the fracture toughness KIE' Data developed in this

(6)

program and a previous program indicate that good estimates of failure

loads can be made for structures containing surface flaws subjected to combined
bending and tension stresses when the bending stress is small compared to the
tension stress. Conversely, good estimates of critical flaw sizes for struc-

tures can also be determined for given applied stresses,
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Limited results of surface flawed tests under pure bending show that as the
ratio a/t increases from 0.2 to 0.4, the calculated Kcr at point A (maximum
crack depth) decreases from 85.6 to 73.6 ksivin (94.1 to 80.9 MN/mB/Z)

is concluded that the locaticon of maximum plane strain stress intensity factor

R &

and fracture initiation proEably moves increasingly away from the point of
maximum crack depth with increasing values of a/t. This possibllity could
not be quantitatively evaluated due to the lack of stress intensity solution

for locations on the crack periphery other than the maximum crack depth.
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5.0 EFFECT OF PROOF TEST TEMPERATURES ON FLAW GROWTH
CHARACTERISTICS

Proof testing of pressure vessels has been conducted frequently at room
ambient temperature, prior to proof testing at a cryogenic temperature.
Examples of such proof testing are Saturn S-11 liquid hydrogen tank, Mariner
Mars 1971 Propoulsion System Tanks, and the Apollo Lunar Module Descent Pro-
pellant Tanks. However, the effects of this test seguence on the flaw growth
characteristics has not been investigated. The following describes an ex-
perimental program designed to evaluate the effects of proof testing at a
higher temperature prior to proof testing at a cryogenic temperature on
subsequent plane strain fracture strength and flaw growth characteristics.
2219-T87 aluminum and B6Al-4Y ASTA titanium materials are used for the inves-

tigation.
5.1 BACKGROUND INFORMATLON

It is a normal practice to perform a proof test onm a pressure vessel at a

temperature at or near the expected operating temperature of the vessel. |t
has been pointed out that a successful proof test to a pressure(dx (the max-
imum operating pressure) indicates that the maximum possible Kli/KIC at the
maximum operating pressure is equal to 1/a, if flaw growth occurring during

(1, 28) (K
’ i

factor based on initial conditions and the maximum operating pressure.} This

the proof test cycle is negligible is the stress intensity
value of Kli/ch can then be used in conjunction with subcriticatl flaw growth

data to estimate the minimum life of the vessel.

'f the proof test is performed at a temperature different from the operating
temperature, the required minimum proof test factor is dependent upon the max-
imum alltowable KIF/KIC value at operating temperature, and the variation in

()

K, of parent metal and welds with temperature For cryogenic vessels

m;ge from materials which exhibit either a constant or increasing fracture
toughness with decreasing temperature, a room temperature proof test can be
designed to assure successful operation. The major advantage of this approach
is reduced cost of proof testing. An example of such testing practice is the
Saturn S-1{ tigquid oxygen tank. For vessels made from materials which exhibit

a decrease in fracture toughness with decreasing temperature, proof testing may
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be undertaken at a temperature lower than the operating temperature. The
advantage of testing at a temperature at which the ch is lower than at
operating temperature is that either a lower proof test factor can be used,

or a longer operation life can be assured. The primary disadvantage is a
possibly higher risk of proof test failure. Examples of this proof testing
procedure are the Mariner Mars 1971 Propulsion System Tanks, and the Apollo
LM descent propellant tanks. These titanium vessels were subjected to a
service temperature of about 70 to 100°F (294 to 311K). The proof test was
conducted in liquid nitrogen at -320°F (78K). In each case, the cryogenic
pressure cycle was preceded by a lower stress room temperature pressure cycle.
Very little work has been done to define the effects of this prior load

cycle. References (29) and (30) involved studies of flaw growth in titanium
which can occur during the proof cycle, but little data is available on the
effects of the proof cycle on subsequent life. References (31} and (32)
report the results of experimental work performed on 2014 aluminum weld-

ments applicable to Saturn S-11 liquid hydrogen proof test requirements.

This vessel, designed for -423°F (20K) operation, received an ambient proof
(31)
that addition of the room temperature pre-stress resulted in a higher failure

stress at -423°F (20K).

cycle followed by a -423°F (20K) proof cycle. Test specimens showed

5.2 ANALYSIS

Stress intensity factors for the surface flaws were calculated according to
equation 2-2 using stress intensity magnification factors obtained in Ref-

erence 15.

Cyclic flaw growth rates, da/dN, for the surface flawed specimens were deter-
mined from the instantaneous values of crack opening displacements according

to the procedure described in Section 2-2.
5.3 TEST PROGRAM AND PROCEDURES

An experimental program was undertaken to investigate the effects pf proof
test temperatures on fracture strength and flaw growth characteristics of
pressure vessels fabricated from 2219-T87 aluminum and 6A1-4Y 8STA titanium
alloys. Test programs and procedure for studying the effects of proof test

temperatures on 2219-T87 aluminum and AAT-bY RSTA titanium are discussed
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separately in the following two subsections.
5.3.1 Test Program for 2219-T87 Aluminum

Test program for the surface flawed specimens of 2219-T87 aluminum is shown

in Table 5-1. Test program in Table 5-1 investigates the effects on fracture
strength and flaw growth characteristics caused by procf loading at room
temperature prior to proof loading at a crvogenic temperature. The test pro-
gram provides a direct evaluation and comparison of these effects with those

of direct proof loading at the cryogenic temperature or at the room temperature,
as applicable. Fracture toughness at different temperatures for a plate of

the same heat, thickness, and rollina batch were obtained in a previous pro-

(6)

gram . Fracture toughness, K for the material in the TS crack propaga-

;
tion directicen in the environmelis of ambient room temperature at 72°F (295K),
liquid nitrogen at -320°F (78K), and liquid hydrogen at -423°F {20K) are

51.9, 43.0 and 45.0 ksivin (45.1, 47.3 and 49.5 MN/m>’2), respectively. The
specimen was designed such that both flaw depth a, and uncracked ligament t-a
are greater than the plane strain plastic zone size. Surface flaws in all
specimens had a flaw depth to length ratio of a/2c= 0.25, and a flaw depth

to specimen thickness ratio of a/t == 0.35. The nroof stress at room tem-
perature was selected as 85 percent of the tensile yield strength. The flaw
size was selected such that the stress intensity factor at proof stress is
approximately 90 percent of the fracture toughness at room temperature.  Based
on the above considerations, the flaw depth a;, length 2c and the specimen thick-
ness, t, were selected as 0.2, 0.84 and 0.60 in. (5.3, 21.3 and 15.2 mm),

respectively. The specimen configuration used is shown in Figure 5-1.

Proof stresses at ~320°F (78K) and -423°F (20K) were selected such that the
stress intensity factor at the oroof stress was 90 percent of the fracture
toughness, KIE’ at the corresponding temperature. Selected proof stresses Pl
at room temperature, P2 at -320°F (78K) and P3 at -423°F {20K) in Table 5-1 are
47.6, 58.0, and 55.0 ksi (328.2, 399.9 and 379.2 MN/mZ), respectively,

As seen from Table 5-1, for each combination of proof operational sequences
investigated, three specimens were tested. Specimens were first proof loaded
to the indicated proof stress level at the shown proof test temperature or

temperatures. One of the specimens was then statically fractured to assess
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the effect of prior proof test temperatures on the fracture strength. The
remaining two specimens were cycled to failure using two different peak
cyclic stress levels. Operational peak cyclic stress levels were selected

(8) |

that the cyclic life of the spec:mens was greater than 400 cycles (mtnsmum

from the previous results of K /KIE versus cycles to failure data

cyclic life required for space shuttle orbiter pressure vessels). Operational
cyclic stress levels Cl and C, at room temperature, C3 and Cy at -320°F (78K)
and CS and 56 at -423°F (20K) in Table &-1 are 40.6, 44.0, h2 6, 46.4, 46.8
and 51.0 ksi (279.9, 303.4, 293.7, 319.9, 322.7, 351.6 HN/m ), respectively.

5.3.2 Test Program for 6A1-4y RSTA Titanium

Prior to conducting the test program to investigate the effects of proof

test temperatures, a few tests were conducted to determine fracture toughness
"~ of 6A1-4YV BSTA titanium at 72°F (295K), -320°F (78K) and -423°F (20K) in

the LS propagation direction. Two specimens were tested at each of these
temperatures, Specimens contained semi-elliptical surface flaws with the
ratios a/2c =~ 0,25 and a/t < 0.50. Specimen configuration is shown in Figure
5-2° for 72°F (295K) tests and in Figure 5-3 for -320°F (78K) and -423°F (20K)

tests.

The test program for investigating effects of proof test temperatures on frac-
ture strength and flaw growth characteristics in fAl-4Y ASTA titanium is sum-
marized in Table 5-2. Test speciméns contained semi-elliptical surface flaws
with a = 0.02 in. {0.5] mm), a/t =2 0.1 and a/2c = 0.20. Specimen configuration
is shown in Figure 5-4. Flaw depth a was greater than the plane strain
plastic zone size for -320°F (78K) and -423°F (20K). Uncracked ligament t-a
was greater than the plane strain plastic zone size for all temperatures.

Proof stress at room temperature was selected as 90 percent of the tensile
yield strength. For the other two temperatures, proof stress was selected

such that the stress intensity factor at proof stress was approximately 90 per-

cent of the fracture toughness K _ at the corresponding temperature. Selected

IE
proof stresses Pl at 72°F (295K), P2 at -320°F (78K) and P3 at -423°F (20K) are
141, 180 and 165 ksi (972.2, 1241.1, 1137.7 MN!mz), respectively., These proof
stresses are typical of proof stresses used in proof tests of Apcollo pressure

vessels made from BAI-4V titanium. Peak cyclic stress .levels C] and C2 at room
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temperature, C3 and C) at -320°F (78K) and CS and Cq at -423°F (20K) in Table
5-2 are 125, 110, 159, 138, 138 and 119 ksi (861.9, 758.4, 1096.3, 951.5,
951.5 and 820.5 MN/m>), respectively.

The test series in the first part of Table 5-2 was designed to obtain base-
line cyclic flaw growth rate data (without a proof load cycle) for each of

two peak cyclic stress levels at all three temperatures.

The test series in the second part of Table 5-2 was designed to investigate
the effects of prior proof locads at room temperature or at room temperature
and cryogenic temperature on subsequent fracture strength at crycgenic tem-

perature.

The test series in the remaining portion of Table 5-3 was designed to inves-
tigate the effects of proof tests at cryogenic temperature or at room tem-
perature and cryogenic temperature on subsequent cyclic flaw growth rate at
operating temperature. When combined with the first portion of the test
program, these latter tests provide a direct comparison between basic flaw
growth rates, flaw growth rates with a prior cryogenic proof load and flaw

growth rates with prior rcom and cryogenic temperature proof loads.
5.3.3 Procedures

Materials and general test procedures are described in Section 3. All spec-
imens of aluminum and titanium were instrumented with a crack opening dis-
placement (COD) clip gaje to provide a continuous record of COD versus applied
load for proof tests and static fracture tests or of COD versus number of
cycles applied for cyclic tests. All cyclic profiles ranged from zero to
maximum applied stress and were sinusoidal. Cyclic frequencies were 20 cpm

(0.33 Hz) at 72°F (295K) and -320°F (78K) and 3 cpm (0.05 Hz) at -423°F (20K).

5.4 DESCRIPTION AND ANALYSIS OF RESULTS
5.4.1 2219-787 Aluminum

Test results and specimen details for 2219-T87 aluminum alloy surface flawed
specimens are summarized in Table 5-3. Crack propagation direction for these
tests was TS. Figures 5-5 and 5-6 contain the plots of COD versus applied

load for surface flawed specimens subjected to proof loads at room temperature.
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Figures 5-7 and 5-8 show the plots of COD versus applied load for specimens
subjected to proof lToads at -320°F (78K) and -423°F (20K), respectively.
Most of these plots show some nonlinear behavior between C0OD and load
starting at approximately 70 percent of maximum applied load. The nonlinear
behavior indicates that eitﬁer flaw growth or plastic yielding or both
occurred during loading. As mentioned in Section 5.3.1, the gross applied
stress at proof is approximately 80 to 90 percent of tensile yield strength
at the corresponding temperature. Plastic¢ yvielding must have occurred
around the flaw periphery for each specimen. Examination of fractured spec-
imens and fractographs showed that during the proof load cycles at -320°F
(78K) in LN2 environment or at -423°F (20K) in LH2
grew in the depth direction from 0.002 in. (0.051 mm) to 0.01D in. (0.254 mm).

environment, the flaw

No growth occurred in the length direction. Fractographs and fractured sur-
faces also showed that when a proof cycle was applied to the flawed specimen
at room temperature or when the flawed specimen was puiled to failure at

room temperature, delamination near the tip (maximum crack depth) of the flaw
occurred, The height of the delamination with respect to the flaw plane in

these specimens was less than 0.1 in., (2.54% mm).

Specimens bA-1 and 6A-7 were subjected to proof locads at -320°F (78K) and
-423°F (20K), respectively prior to loading them to failure at room temperature.
Specimens BA-% and 6A-10 were proof loaded at room temperature prior to proof
loading at -320°F (78K) or -423°F (20K). These two specimens were then-1oaded
to failure. Table 5-3 shows that the fracture strength for all four specimens
is the same within one percent. Specimen BA-19 was proof loaded at room tem-
perature and then was pulled to failure at -423°F (20K). Specimen 6A-22 was
proof loaded at room temperature and at -423°F (20K) and then was pulled to
failure at -423°F (20K). Fracture strength for both these specimens is the

same within 0.5 percent. Above results indicate that the fracture strength

was unaffected by the proof load histories used in these tests.

Typical plots of COD versus number of cycles are shown in Figures 5-9, 5-10
and 5-11 for room temperature, -320°F (78K) and -423°F (20K}, respectively.
Fracture surfaces showed that the specimens cycled to failure at room tem-

perature had delaminations near the maximum crack depth. The height of de-

tamination with respect to the flaw plane in these specimens was from 0.25 in
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(6.35 mm) to 0.80 in. (20.32 mm). Proof loading, pulling to failure or cycling
to failure at -320°F (78K) or -b423°F (20K) did not cause delaminations to
occur. As indicated in Table 5-3, every specimen subjected to cyclic loading
had delaminations near the maximum crack depth either due to proof loading at
room temperature or due to cycles applied at room temperature. Thus, it was

not possible to calculate the flaw growth rates.

The test program did not include any specimens to measure static fracture
toughness of the material or cyclic life determination without application

of prior proof load cycles. Thus, for the evaluation of the effects of proof
load histories, basic data obtained in the previous programs for the same
crack propagation direction (TS} in References 2, 6 and 8 had to be used. An
extra specimen 6A-18 was tested to measure fracture toughness of the material
at -423°F (20K) in liquid hydrogen environment. As shown in Table 5-3, the

fracture toughness K, _ determined from this specimen was 49.6 ksivin (54.5 MN/

tE
m3/2)_

For the material of the same thickness, heat and rolling batch but
a different plate in Reference 6, fracture toughness values in environments
of room air, LN, and LH, were 41.0, 43.0, 45.0 ksi/in (45.1, 47.3, 43.5 MN/m
respectively. For a plate of 2219-T87 aluminum of a different heat and rolling

3/2)

]

batch tested in Reference B, the average KlE values from static tests for 0.1
in. thick specimens (as calculated by equation {2-2)) in environments of room
air, LN2 and LH2 were 40.8, 42.0 and 42.0 ksivin (44.9, 46.2, 46.2 MN/mS/Z)

respectively. The comparison shows that fracture toughness of the material

]

at room temperature compares very well with the previously cited two progkams(e’a).
However, for LN_ and LH2 testing, fracture toughness values are higher than

fe.8)

here was detamination at room temperature testing. The material tested in

reported before Another noticeable effect observed in the plate tested

Reference 8 did not delaminate at room temperature static or cyclic testing
even though the cyclic stress levels used in that program were comparable to

the room temperature proof stress level of the present tests.

Figure 5-12 shows a comparison of present room temperature data with previous

(2,8)

versus cycles to failure. As mentioned before, data of Reference 8 and the

data obtained without prior proof load applications on the basis of Kli/KIE

present data have nearly the same fracture toughness at room temperature. The
data obtained in Reference 8 was at a maximum cyclic stress level equivalent

to 90 percent of Uys as compared to 73 to 79 percent of Oys in the present
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program. From the comparison in Figure 5-12, the cyclic life of a flawed
specimen given a proof overload cycle prior to cyclic testing is anywhere
from approximately 4 to 10 times that where no proof overload cycle is
applied(g). The cyclic stress level differences between these.two sets of
data would account for only'small differences n cyclic life. It is known
that the occurrence of delamination near the flaw periphery increases the

cyclic life substantially(Z’S’h).

Hence, the improvement in cyclic lTife is
due to the effects of proof overload cycles and/or delaminations. However,
the effect of each parameter cannot be separated since no cyclic data was
generated in this program where proof load cycle was not applied.

Figures 5-13 and 5-14 show similar comparisons as Figure 5-12 for LN2 and

LH2 temperature cyclic lives. From a cursory look, data shows that the pre-
load cycles do not have a targe effect on cyclic life. However, the material
tested in this program has much higher fracture toughness. From the results
of References 2 and 8 it can be shown that flaw growth rates are nearly the

same at a given K, level for both high and low fracture toughness material.

Thus, the cyclic ;ife at the same KFi/ch ratio would be lower for the high
toughness material than the low toughness material. Based on the above
result, present data with preload effects would show a substantially longer
cyclic life. Once again, the improvement in cyclic life is due to the effects

of proof overload cycles and/or delaminations.
5.4.2 6A1-L4Y BSTA Titanium

Results of tests for static fracture toughness and proof test temperature
histories on 6A1-4V 3STA titanium surface flawed specimens are described and
analyzed in the following two sections. All these tests were conducted for

the LS crack propagation direction.
5.4.2.1 Static Fracture Toughness Tests

Results and specimen details of static fracture toughness tests for the BAl-
by BSTA titanium surface flawed specimens are summarized in Table 5-4. For all
these tests, the initial a/Zc ratio was 0.25, the initial a/t was less than
0.5 and the gross applied stress was considerably less than tensile vield

strength. Plots of applied load versus crack opening displacement faor four
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specimens tested at 72°F (295K) and -320°F {(78K) are given in Figure 5-15.
Figure 5-15 shows no evidence that flaw growth occurred until the applied
load approached the fracture load and fracture toughness K and K _ cal-

(27 e
5

culated with five percent secant offset load P and failure load

respectively are identical. KIE values for the EAI-4Y BSTA titanium are
56.9, 52.8, and 44.9 ksiVIn (62.6, 58.1, and 49.h m/m®’%) at 72°F (295K),
-320°F (78K}, and -423°F (20K), respectively.

5.%.2.2 Proof Test Temperature Effects Tests

Results of tests conducted to investigate the effects of proof test tem-
peratures on fracture toughness and flaw growth rates are summarized in
Table 5-5. Figures 5-16, 5-17 and 5-18 contain the plots of COD versus
applied load for the surface flawed specimens subjected to proof loads at
72°F (295K), ~320°F (78K} and -423°F (20K), respectively. Some of the load
versus COD plots show some nonlinearily at the maximum applied load. At the
maximum proof load, the grcss applied stress is up to 80 percent of the tensile
yield strength depending upon the proof temperature. This causes plastic
yielding around the flaw periphery and thus introduces nonlinearity in the
load versus COD curves, For the specimens proof loaded at 72°F (295K) and
-320°F (78K), records of COD versus load were also obtained for unloading.
These records in Figures 5-16 and 5-17 show that unloading plots are parallel
to loading plots. This would indicate that no flaw growth occurred during

proof loadings,

Examination of fractured surfaces under low magnification (30X) showed that
no growth occurred during the proof load applications in the ambient room air,

liguid nitrogen, and liquid hydrogen environments.

Specimen 6T-9 was proof loaded at room temperature and specimen 6T-31 was proof
loaded at room temperature and -423°F (20K) and then they were loaded to failure
at -423°F (20K), as shown in Table 5-5. The fracture toughness calculated for
these specimens is at least 15 percent higher than that calculated from spec-
imens which were not proof loaded prior to loading to failure. This limited
data implties that application of proof load cycle may be beneficial in raising
the effective fracture toughness, KIE' Specimen 6T-7 which was proof loaded

at room temperature prior to loading to failure at -320°F (78K) 21so showed a
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beneficial effect of proof loading on KIE' However, specimen 6T-8 which was
proof loaded at room and liquid nitrogen temperatures prior to loading to

failure at -320°F (78K) showed no effect on K,_ of the proof cycles. From

FE
these tests, it can be concluded that during the specified proof load cycles,
flaw growth does not occur, and that the effect on fracture toughness of

6A1-4Y PSTA titanium ranges from negligible to highly beneficial.

Typical plots of COD versus number of cycles are shown in Figures 5-19, 5-20,
and 5-21 for 72°F (295K), -320°F (78K) and -423°F (20K}, respectively. These
plots along with data of initial and final flaw sizes and cyclic stress were

used to obtain cyclic flaw growth rates, da/dN, versus stress intensity

factor, K Figures §5-22 to 5-25 contain the plots of cyclic flaw growth

rates (with and without prior procf load cycles) against K, for the surface

flawed specimens cycled at 72°F (295K}, -320°F (78K) and -123°F {20K). The
basic flaw growth rates obtained without the application of a prior proof
load cycle are shown by open or filled circle symbols. Figures 5-22 and 5-23
contain cyctic flaw growth rates for specimens which were cycled at 72°F
(295K} under ambient room air environment. Some of the specimens in Figure

5-22 were subjected to proof loads at room and/or LN, temperatures prior to

2
cycling them in a room air envirenment. Some of the specimens in Figure 5-23
were subjected to proof leads at room and/or LH2 temperatures prior t6 cycling
them in a room air environment. The data points indicated with symbol E in
Figures 5-22 and 5-23 are used to distinguish crack growth rates and aséociated

(2). {In the end

stress intensity factors obtained from the end point method
point method, the initial and final dimensions of flaw depths are used with
applied number of cycles to calculate an average flaw growth rate da/dN. The
calculated flaw growth rate da/dN is assumed to correspond with the stress
Tntensity‘factor which is the average of the initial and final stress intensity
factors.) Data of Figures 5-22 and 5-23 indicate that within the scatter of
data the flaw growth rates for the specimens subjected to proof loads at room

and/or LN2 temperatures, or room and/or LH2 temperatures are comparable to

basic crack growth rates at room temperature without a prior proof load.

Figure 5-24 contains cyciic flaw growth rates for surface flawed specimens
which were cycled at -320°F (78K) under liquid nitrogen environment. Some of
these specimens were proof loaded at room and/or LN2 temperature prior to

cycling at LN2. Data in Figure 5-2b shows that flaw growth rates for specimens
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subjected to room and/or LN2 temperature proof loads are comparable to basic
crack growth rates within the scatter limits of data. Thus, the proof load
applications have small or no effects on flaw growth rates of 6A1-4V RSTA

titanium.

Figure 5-25 contains cyclic flaw growth rates for surface flawed specimens
which were cycled at -423°F (20K) in a liquid hydrogen environment. Some of
these specimens were proof loaded at room and/or LH2 temperatures prior to
cycling at LH2 temperature. Data in Figure 5-25 show that the flaw growth
rates for specimens subjected to room and LH2 temperature proof loads are
slower than the basic crack growth rates. Flaw growth rates for specimens
subjected to proof load at LH2 temperature alone are comparable to basic flaw

growth rates.

From the above results of all cyclic tests, it can be concluded that proof
load temperature histories used in these tests have small or no effect on

flaw growth rates of surface flawed specimens of 6A1-4Y BSTA titanium.
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6.0 FRACTURE UNDER COMBINED MODES IN 4340 STEEL

The majority of past experimental and theoretical fracture and crack growth
studies have dealt with the opening mode of deformation {Mode | conditions).
Many investigations have shown that under Mode | conditions, crack instability
occurs when the stress intensity factor reaches some critical value. Under
actual service conditions, cracks may be subjected to loading conditions such
that combined modes of crack surface displacements are present. A limited
number of theoretical and experimental investigations(3h_h5) have been con-
ducted to determine the effects of combined mode loadings on fracture. These
are described briefly in Section 6.1. Section 6.2 includes stress intensity
factors for combined mode loading. Section 6.3 deals with test program, spec-
imens and procedures. Section 6.4 describes test machine and instrumentation.

Section 6.5 includes test results and a discussion of test results.

6.1 BACKGROUND AND TECHNICAL DISCUSSION
6.1.1 Crack Tip Stress Fields for Isotropic Elastic Bodies

Cracks in bodies subjected to combined tension and shear stresses can be sub-

(33)

jected to three different types of displacements Each type of displacement
is associated with a particular stress field in the immediate vicinity of the
crack tip. The elastic stress field is dominated by stress singularities and

the strength of the singularity is expressed by a stress intensity factor.

The relative displacement of crack surfaces in the Immediate vicinity of a
crack tip can be divided intoc three components or modes. As illustrated in
Figure 6-1 the three modes are: the opening Mode | in which crack surfaces
displace perpendicutar to the plane of the crack; the edge sliding Mcde Il in.
which the crack surfaces displace in the plane of the crack perpendicular to
the leading edge of the crack; and the tearing Mode !Il in which the crack
surfaces displace in the plane of the crack in a direction parallel to the

leading edge of the crack.

Elastic stress fields in the immediate vicinity of a crack tip are related to
the mode of crack tip displacement. |In terms of the cartesian coordinate
system shown in Figure 6-2, pltane strain crack tip stress fields corresponding
to each mode of displacement are included below. Nonsingular terms are not

included in the following expressions for stresses.
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It is evident that the stress intensity factors KI’ KFI and KIII control the
strength of the crack tip stress singularities. These stress intensity factors
are functions of the dimensions of both the crack and the body in which the
crack is located, and the magnitude and distribution of the Toads applied to

the body.
6.1.2 Theories of Fracture Under Combined Mode Loading

For a cracked component under combined mode loading, two theories of fracture

(34)

These thecries are explained briefly in the following

have been advanced; maximum stress criterion and strain energy density

(35,36)

factor theaory

paragraphs.

6.1.2.1 Maximum Stress Criterion

Erdogan and Sih(3h)

stated the commonly recognized hypothesis for crack
extension in a brittle material under slowly applied plane loads as: the
crack extension occurs in the plane perpendicular to the direction of the
greatest tension. In terms of the coordinate system shown in Figure 6-3, the
~above hypothesis states that the crack extension starts at x = +a along the
radial direction for which g is maximum and the shear stress T g is zero.
For the mixed mode problem of Figure 6-4, the angle of crack extension, BO
can be shown as

K| sineO + KII (3 coseo f 1) = 0. (6-4)

For the crack and loading configuration of Figure 6-4, the relationship between
the crack inclination angle 8 (shown in Figure 6-4) and fracture angle o,
(angle of crack extension with respect to the initial crack plane) predicted

by the above equation is shown in Figure 6-5. In Figure 6-5, the propagation
of a crack normal to the applied stress, i.e., B + eo = 90°, is shown by a

straight line,

For materials in which a small plastic zone develops at the crack tip, Erdogan
. L . .

and Slh(3 ) proposed a fracture criterion based on strain energy release rate

considerations of Griffith. For the case of plane loadings that impose both

Mode | and Mode [I crack tip displacements, the fracture criterion is

34



2 z2 _ -
ap KO+ Zalz K[KII + a,, K ,° = constant (6-5)

where the constants aij (i,] = 1,2} are functions of material properties.

Since it is not possible to calculate elastic strain energy release per unit
crack extension when the crack extension is not coplanar with the original
crack plane, the above fracture criterion was deduced by reasoning that the
strain energy release rate for a curved crack should be a homogeneous quadratic
function of K, and K

(34)
! e

In the special case where the crack propagates
in its original plane; ajy = ayy abd ayy = 0(3#)'

6.1.2.2 Strain Energy Density Factor Theory

has recently proposed a theory of fracture based on the field
strength of local strain energy density to deal with the combined mode crack
extension problems. For a crack in an elastic solid subjected to all three
modes of crack surface displacements, the strain energy dW stored in a small
elemental volume dV¥ near the crack tip is represented by the following

equation where the terms of order higher than 1/r are neglected.

jo 18

Wo_ 1 2 2 2 )
av = or By KT 2ag, KK +a, K *agy Kyt (6-6)

ja

where

ay = T%E-[(B - b4y - cosB) (1 + cose)]

ay, = 2%39-[cose - {1 - 2v)] (6-7)
Ay, = T%E-[&(I - w1 - cosd) + {1 + cose) (3 coss - 1)]
g =

33

where v is the Poisson's ratio and u is shear modulus and 6 is the angle :
defined in Figure 6-2. The strain energy density function %%-near the craﬁk
possesses a (1/r) singularity. The strain energy density factor S represent-
ing the intensity of the strain energy density field is defined below and

varies with the polar angle in Figure 6-2.
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2 2 2
S = ay, KI + 2a]2 KIKTI + a,, KII + 333 KIII ) (6-8)

The above formulation is for plane strain coﬁd?tions. Strain energy density
factor theory assumes that the crack initiation starts in a radial direction
along which strain energy density or$is stationaryand the critical intensity
SC governs the onset of crack propagation. According to this theory, SC is an
intrinsic material property independent of the loading conditions and crack
configurations. This implies that if Sc is obtained for the pure Mode ! con-
dition {which is directly related to Griffith-lrwin critical stress intensity
factor chr)’ the fracture load and crack rotation direction can be predicted
for that material environment combination for any mixed mode loading cendition,
For the planar mixed mode problem of Figure 6-4, SC theory predicts the frac-
ture angle 60 with respect to inclined angle B as shown in Figure 6-5. The
fracture angle 80 in Sc theory is dependent upon Pgisson's ratio. As seen
from Figure 6-5, the fracture angles BO for a cracked component under an in-

(34)

and the crack propagation normal to the

plane loading by the maximum stress criterion

(35,36) (37)

, strain energy density fac-
tor theory , energy theory
applied stress are quite close. Thus, fracture angle is not a sensitive

parameter to verify the above theories of fracture under combined mode loading.
6.1.3 Experimental Work Under Combined Mode Loading

A limited number of experimental fnvestigations have been conducted to inves-
tigate the effect of combined mode loading conditions on fracture at flaws.
These experimental studies include the effects of Mode |=I1 interaction on
plaxiglass(3u), balsa wood(38) (38), and 2000 and 7000 series

and Mode 1-111 interaction on 7000 series aluminum

(39-44)
(1)

presented briefly in the following paragraphs.

{(34)

, fiberglass
aluminum alloys

(39,41)

alloys and K-9 tool steel The results of these investigations are

Erdegan and Sih tested plaxiglass specimens containing through-the-thickness
cracks. They found that cracks subjected to pure Mode || loading propagate

when KI[ reaches some critical value and equation (6-5) was a satisfactory
failure criterion when KI and KII were calculated based on the inittal crack
conditions. Based on these tests they concluded that the final mode of fracture

seemed to be always that of an opening mode.
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w (38)

taining cracks under combined Mode | and !l loadings. Some of the specimens

tested plates of orthotropic materials (balsa wood and fiberglass) con-

tested under combined Mode I-11| contained slanted cracks and were loaded in
pure tension, similar to that in Figure 6-4. Other specimens tested under
Mode | and Il were first loaded in pure tension {cracks were perpendicular
to load) and then were loaded to fracture in pure shear under picture frame

type loading while maintaining the tension load. Some specimens were tested

in pure shear to obtain critical stress intensity under Mode I, i.e., Kllc'
All specimens subjected to shear loadings were constrained from buckling.
It was found that slow stable crack extension took place prior to sudden
fracture. However, under all loading conditions (Mode |, Mode I-1I and Mode

1), the crack propagated along an essentially straight line collinear with
the original crack. It was also found that the applied loading conditions
for combined Mode |=-11 (inclined crack under pure tension or crack subjected

to tensile loading and shear) did not have any effect on fracture strength.

The experimental data revealed that the empirical equation (KI/KIC) + (K”fK”C)2
| represented adequately the fracture criterion for both balsa wood and fiber-

glass.

(39)

Wilson conducted a limited series of tests on 7178-Té51 aluminum alloy

center cracked plates under combined Mode [-11 loading, and on 7075-T651
aluminum alloy round notched bar specimens under combined Mode I-I111 loading.
Directions of slanted cracks in 7178-Té51 aluminum coincided with the rolling
direction of the plate. Test results showed that equation (6-5) provided a
satisfactory failure criterion for both Mode [-11 and Mode I-I1l loading for
the particular thicknesses and geometries tested when KII is replaced by K|||
in equation (6-5) for Mode I-11l loading, KF and K, were calculated based on

the initial crack length and orientation and the fracture load.

Pook(hl) tested inclined center cracked specimens of DTD 5050 under combined
Mode |-11 loadings. Inclined cracks were located normal to the rolling
direction. Slow, out-of-plane crack growth occurred prior to instability.
K, and K, (42)

. on the initial crack length and orientation and the fracture locad. Either

(35)

in these as well as test results of Liu , were calculated based

equation (6-5)or (6-8) provided an adequate fracture criterion
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(41)

Pook also tested single edge cracked and center cracked specimens of DTD
5050 and HEI5W aluminum alloys and K9 tool steel under combined Mode !-111
crack surface displacements. The cracks were inclined with respect to the
plane of the platé and the specimens were loaded in tension. [t was found
that crack extension started when Kl was nearly equal to K|C and for the

applied range of Klrl’ Klll had a small effect on initiation of crack growth.
(42)

taining fatigue cracks oriented at different angles. The panels were loaded

Recently, Liu tested panels of 2024-T3 and 7075-T651 aluminum alloys con-
In a picture frame setup to apply shear loads at the edges of the panel so
that combined Mode I-!I crack surface displacements could be applied. No
buckling constraints were applied to avoid buckling in the panels. The cracks
were perpendicular to the rolling direction of the materials. Slow, stable,
out~of-plane crack growth occurred in all specimens prior to fracture except

those loaded in pure Mode Il. Experimental data showed that the empirical

equation (KI/chr)l'08 + (KI[/KII )]'08 = 1 represented adequately the frac-
ture criterion., Because this interaction effect was substantially different
than that found by Wilson(39) and Pook(h]), Liu concluded that the Kf and K

1}
interaction behavior is a function of the applied loading conditions. However,

the tests conducted with the s}zn;ed single edge cracked specimens of 7075-T651
A3

aluminum and loaded in tension

(hzl_

showed very simitar results as described
above This would indicate that the fracture criterion is not significantly

dependent upon loading conditions.

Very little published information exists to date on the crack propagation rates

under combined Toading of opening and sliding modes. Iida and Kobayashi(ho)
conducted a serles of fatigue crack propagation tests under Mode -1} loading
in thin 7075-T6 aluminum panels containing inclined center cracks. It was con-

cluded that the crack rotated immediately and propagated in the direction where

KI was maximum.

(44)

Roberts and Kibler obtained fatigue crack propagation rates for thin 2024-T3
bare aluminum plates subjected to Mode | extensional loads and Mode || transverse
bending loads. They found that the fatigue crack grew in a manner which did

not reduce the Mode |! component of the load to zero.
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6.2 SPECIMEN CONFIGURATIONS AND STRESS INTENSITY FACTORS FOR COMBINED MODE
LOADING TESTS

£.2.1 Test Specimen Configurations

Specimens for the combined mode loading tests consisted of the following
categories. Inclined through cracked flat specimens subjected to uniform
tension, as shown in Figure 6-6, were used for combined Mode -1l tests.
Through cracked tube specimens, subjected to pure torsion, as shown in Figure
6-7, were used for the Mode !l tests. Round notched bar specimens subjected
to simuitaneous tension and torsion loading, as shown in Figure 6-8, were used
for the combined Mode [~111 test. Flat specimens with inclined surface cracks
and subjected to uniform tension (Figure 6-9) and surface flawed cylindrical
specimens subjected to simultaneous tension and torsion loading (Figure 6-10)
were utilized for the combined Mode I-fl-11| tests. Stress intensity factor
solutions, used to evaluate the test data of the above specimens, are described

in the following paragraphs.

6.2.2 Stress Intensity Factors

(39)

intensity factors KI and K!I for a strip containing an inclined center crack

Utilizing the boundary collocation method, Wilson obtained the stress

(Figure 6-8) and subjected to uniform uniaxial tension. The resulting stress
intensity factars KI and KII are shown in Figure 6-11 as a function of ;he

ratio of crack length to the specimen width, %?3 for the values of the inclined
angles ¢ = 0, 22.5, 45 and 75 degrees {0, 0.39, 0.79 and 1.31 rad). The relation-
ship of KI and KII to the applied stress, crack length, crack angle and specimen
width displayed in Figure 6-11 were used to compute stress intensity factors

for tnclined center cracked specimens.

(40)

lida and Kobayashi used the direct stiffness method of finite element

analysis and obtained the stress intensity factors for a plate containing a
slanted crack and subjected to uniaxial tension. The crack opening displace-

ment (COD) components v, perpendicular to the crack, and u, parallel to the crack,

were used to determine the stress intensity factors K, and Kll' Stress intens-

|
Ity factors, thus obtained from COD are considered to be accurate within ten
percent. Figure 6-12 and 6-13 show the stress intensity factors in the non-

dimensionalized form for cracks initially inclined at 45 and 60 degrees
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(0.79 and 1.05 rad) to the applied loading direction, respectively. The
inTtial Tnclined tength of the crack s one-twelfth of the width of the plate.
The stress intensity factor for the slanted crack is nondimensionalized with
respect to ovra where 2a is the horizontal projection of the crack length.
Figure 6-12 shows that prior to any crack extension (no crack rotation},

Kl = KI[’ as expected for a 45 degrees (0.79 rad) inclined crack. As the
crack turns and increases in length (as observed in their experiments), KI
increases rapidly while KH decreases sharply. Figure 6-12 also shows

Isida's correction factor for a straight (0 deg. inclination) center crack

(331

of lTength 2a in a strip Figure 6-13 shows similar results for a crack
initTally inclined at 60 degrees {1.05 rad}. Both Figures 6-12 and 6-13

show that as the crack turns and extends, the opening mode stress intensity
factor, KI climbs rapidly to approach Kr for a horizontal crack with length
equal to that of the projected length of the inclined crack and KII drops
rapidly and also changes sign showing the shift in the sliding direction of
the KI! mode crack extension. KI for an inclined crack is always somewhat
lower than the KI for a horizontal crack even on the basis of projected crack
length. This indicates that the fracture data and fracture criterion under
combined mode loading should be evaluated using the crack configuration at

the fracture load. Fracture criterion under combined mode loading f(Kl’ KII),
based on initial crack length, orientation and fracture load, could be signif-

fcantly in error I'f slow crack growth and crack rotation occur prior to.fracture.

Stress intensity factors for the circumferentially cracked tubes (Figure 6-7)

(46)

subjected to pure torsion were calculated from the following equation

Ky = cmr/%'aT {6-9a)

where Cm is the membrane component of the shell curvature correction factor and
the relationship between Cm and the shell parameter A is given In Figure 6-lh(h6).
The bending part of the stress intensity factor KII is approximately three orders
smaller than the membrane portion and thus it is negligible. The shell param- .
eter A and the shear stress t are given by the following equatfon

2) 1/4

12 (1 - v
A= e (6-9b)
rand
¢ = —L (6-9¢)
2mrTt
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where T is the applied torque, v is the Poisson's ratio, 2a is the crack
length, r is the average radius of the tube, and t is the thickness of the
tube.

Stress intensity factors for round notched bars subjected to simultaneous

tension and torsion loading were calculated by the following equations(h7’48).
K, = (1.72 =% - 1.27) =+ (6-10)
I d pl-5
- T _
Kipp = 0.4 —— (6-11)

-
where D is the diameter of the bar, d and r are the diameter and the radius of
the bar in the plane of the crack, respectively and P and T are the applied

force and the torque, respectively.

(33)

As mentioned in Section 8.3.1,

(48)

more accurate than the above expression. Hoever, the Bueckner expression was

The expression for KI is due to Bueckner

the expressian for KI for a round notched bar given by Harris is probably

used since it is generally accepted. As shown by Figure 6-15, the expression

(39)

for KIII given by equation 6-11 is approximately the same as given by Wilson

and Harris within 2 percent over the range of d/D under consideration.

The flaw peripheries of the flat specimens containing inclined semi-elliptical
surface cracks and loaded by uniform uniaxial tensfon are subjected to con-

tinuously varying ratios of Kl 1o Kll to K Since the stress intensity

(e
factor for a surface flawed specimen subjected to uniform shear stress is not

available, the stress intensity factors KII and Klll for the specimens tested

were calculated using a solution for an elliptical crack in an infinite solid

(b9

subjected to uniform shear stress Since ratios of the crack depth to the
crack length and the crack depth to the specimen thickness ratios are nearly

the same for all test specimens, the effects of the free surfaces would be
approximately the same. Hence, in the following expressions for Kll and Klli

the effects of the free surfaces are not taken into account. The stress

intensity factors K' and Kllf are maximum at the maximum crack depth and Kfl

is zero there. KII Is maximum at the surface crack length and KIII is nonexistent
there. Hence, the stress intensity factors KI, KII’ KIII for the test results

were calculated at the maximum crack depth and at the surface. The stress
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intensity factors at the maximum depth were calculated by the following

equations.
Kl - HKUC052¢Vé§; {Reference 15) . (6-12)
Ky = O (Reference 49) (6-13)
Kipp = My, ocosé sinevra (Reference 49} {6-1h)
where MK(IS) is a function of a/t and a/2c and is given by Figure 2-2 and
M _ - (- v)k2 (6-15)

(k% - v) E(K) + k2Kl

The stress intensity factors at the surface were calculated by the following

equations.
K, = 101 ocos?e/ B2 /a7 | (6-16)
Ky; = M, ocos¢ sing vra (Reference 48) (6-17)
Kiyy = © (Reference 48) (6~18)
where
T I kzm 5 (6-19)
(k“ - v) E(k} + k'“K(k)

v is the Poisson's ratio, k'2 = azfcz, k2 + k'z = 1. E{k), the complete
elliptic Integral of the second kind is defined before in Section 2.1 and K(K),
the complete elliptical integral of the first kind is given by the following
equation

/2

K (k) S L E— ' {6-20)
/T-kZ sinZo
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No solution is available for the stress intensity factors for surface flawed
éylindrical specimens subjected to tension and/or torsional loading. As dis-
cussed in Section 8, the analysis of three dimensional photoelastic data did
not give a conclusive expression for the stress intensity factor. Since most
of the specimens had approximétely the same flaw sizes, as described later in
Section 6.5, the failure stresses were used to correlate the effects of the

combined modes of loading rather than the stress intensity factors.
6.3 TEST PROGRAM AND PROCEDURES

A test program, comprised of surface flawed and center cracked flat specimens
under tensile loading, was conducted to determine the effects of the directions
of crack propagation on the fracture toughness of 4340 steel. As described in
Section 6-5, the crack propagation directions had little or no effect on the
fracture toughness for the directions tested. Hence, in the test programs of
inclined through cracks and surface cracks in flat plates, the crack pro-
pagation directions were not kept in one particular direction. Effects of
combined Mode | and |l crack surface deformations on fracture were experiment-
ally evaluated according to the test program outlined in Table 6-1. Test spec-
imen configurations are illustrated in Figures 6-6 and 6-7. The inclined
center cracked specimens were loaded in uniform uniaxial tension at-200°F (144K)
in gaseous nitrogen environment to generate Mode | and combined Mode [-1f load-
ing conditions. {n order to extend fatigque cracks in the planes of EDM slots
in these specimens, the specimens were precracked by loading through 0.75 in.
(19 mm) diameter holes whose centers were perpendicular to the EDM slots. In
order to reduce the load required for precracking the EDM slots, two slotted
holes were machined in the specimen as shown in Figure 6-6. After precracking
the EDM siot to the required sized crack, the final specimen was cut such that
the crack was oriented at the required angle with respect to the axis of loading.
Inclined crack length to the specimen width ratio was approximately 0.5,
Through cracked tube specimens (Figure 6-7) were precracked in tension loading
and then subjected to torque only to determine the critical sliding mode stress
intensity factor, Kllc at room temperature. These specimens were instrumented
with clip gages to continuously measure the angular deflection across the crack

plane versus torque.
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Effects of the combined Mode | and 1|l crack surface displacements on fracture
were experimentally evaluated according to the test program outlined in Table
6-2. Test specimen configuration is illustrated in Figure 6-8. A circum-
ferential V-notch of 6D degree (1.05 rad) terminating with a notch root

radius of 0.001 to 0.002 in, {(0.025 to 0.051 mm) was machined into each of
these round bar specimens. The root diameter of this machined V-notch was
approximately 0.55 in. (14.0 mm). Prior to fracture testing, the specimens
were precracked under low stress tension fatigue (maximum stress = 30 ksi

(207 MN/mz), stress ratfo = 0.06). It was intended to grow a circumferential
fatique crack of 0.05 in. (1.27 mm} depth from the V-notch root for each
specimen. However, the fatigue crack grown from the notch in the first spec-
imen precracked became eccentric. Since the fatigue cracks developing from
notches tended to become eccentric, the fatigue cracks were kept small,
Fatigue cracks as measured from the notch periphery were from 0.005 to 0.050
in. (0.127 to 1.27 mm). Fatigue cracks grown in two specimens of this
material containing circumferential V-notches under rotating bending fatigue
were more eccentric than those grown under tension fatigue. Figure 6-16 shows
a photograph of a fatigue crack grown under rotating bending fatigue. As
shown in Figure 6-17, the specimens to be precracked under rotating bending
fatigue required very close tolerances.in diametral dimensions. They also
required high stresses to initiate fatigue cracking such as 60 ksi (414 MN/mZ)
and more. For these reasons, precracking was not conducted under rotating

bending fatigue.

As seen from equations (6-10) and (6-11), since KI is dependent on the tensile

load P onty and K is dependent on the torque T only, the ratio of K'/KIII

can be controlledfé; the proper ratio of P/T. The round notched bar specimens
were loaded to failure under simultaneous tensile and torsional loading at a
predetermined ratio of P/T at room temperature. All specimens were instrumented
with ¢clip gages to continuously measure the axial deflection and the angular
deflection across the crack plane as a function of applied tension and torsion,
respectively. The loading machine and the instrumentation are described in

Section 6-4.

Effects of combined Mode 1, 1l and Il crack surface displacements on fracture

were experimentally investigated according to the test programs outlined in
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Tables 6-3 and 6-4, Test specimen configurations for the surface flawed

flat and round specimens are shown in Fiqures 6-9 and 6~10. The inclined sur-
face flawed flat specimens were loaded at -200°F (144K) in a gaseous nitrogen
environment in uniform uniaxial tension to create Mode | and combined Mode
I-1t-111 loading conditions. The procedure for precracking the EDM slots was
identical to the one described before for the inclined center cracked specimens.
The flaw depth to plate thickness ratio was approximately 0.5 te 0.6 and the
flaw depth to the flaw length ratio was approximately 0.25 in these specimens.
The surface cracked round specimens were loaded at room temperature to failure
under simultaneous tensile and torsional loading at a predetermined ratio of
P/T. All surface flawed round specimens were instrumented with clip gages

to continuously measure axial and angular deflections across the crack plane
as a function of applied tensile and torsional loading, respectively. All
surface flawed round specimens were intended to have the same flaw sizes,
namely, the flaw depth to diameter ratio of 0.3 and a flaw depth to the flaw
length ratio of 0.4,

6.4 TEST MACHINE AND INSTRUMENTATION

Round notched bar specimens and cylindrical specimens with surface flaws were
subjected to simultaneous tensile and torsional loading. They were loaded in
a 150 kip (0.672 MN) capacity tension-compression machine which was modified
to apply simultaneous tensile and torsional lqading, as shown in Figure 6-18.
The specimen was loaded in tension by a vertical hydraulic cylinder and torque
was applied Tndependently by a couple using two horizontal hydraulic cylinders
(Figure 6-18). The hydraulic cylinders were actuated by servo valves respond-
ing to electrical signals to apply the programmed load. Directly in series
with the specimen was a load cell providing a nulling feedback signal when

the applied load reached the programmed value, thus forming a closed-loop
control system. The load cell was made of a circular tube so that it could
carry a relatively high axial Joad and be sensitive to torsional measurements.
Axial load was measured and controlled by two independent four arm strain gage
bridge circuits installed in the axial direction and torque was measured and
controlied by two independent four arm strain gage circuits with the gages
installed at a 45 degree (0.79 rad) angle with respect to the axial direction.

The required ratio of the tension load with respect to the simultaneocus torgue

46



was maintained by a drum programmer.

The axial and angular displacement across the flawed cross-section were
measured by electrical displacement indicators. Load versus displacement
curves were generated independently for axial and for angular displacement

by X-Y plotters. For round specimens containing surface flaws, crack open-
ing displacement measurements in the axial direction were taken using clip
gages, as shown in Figure 6-19, Holding-tabs with knife edges were microspot
welded with one spot weld close to the flaw edge along the centerline of the
flaw, and the other end of the tab held down by a slip-joint. For round
notched bar specimens, axial displacement measurements were taken by using

two electrical displacement indicators of the horseshoe type attached to
clamps one inch apart on the specimen, as shown in Figure 6-20. The average
output of the two displacement indicators was used to generate the load-
displacement curves, For angular displacement measurements, two clamps, one
inch apart along the specimen were attached to the specimen as shown in
Figures 6-19 and 6-20, Knife edges were machined at the end of arms extended
from the clamps to hold clip gages for angular displacement measurements. For
convenience, the knife edges, where the clip gages were attached, were located

one inch away from the vertical centerline of the specimen.

6.5 TEST RESULTS AND DISCUSSION

£.5.1 Fracture Toughness Tests

The plane strain fracture toughness of 4340 steel at room temperature was
determined in LS and LT crack propagation directions by testing flat specimens
containing semi=elliptical surface cracks, and central through-the-thickness
cracks, respectively (Figure 6-21). The fracture toughness at -200°F {144K)
under gaseous nitrogen environment was determined in LS and TS directions of
crack propagation by testing surface flawed specimens and in LT direction by
testing center cracked specimens. All surface flawed specimens were instru-
mented with clip gages to measure crack opening displacement (COD) versus
applied load. Typical records of load versus {OD for each crack propagation
direction and test temperature are shown in Figure 6-22. Figure 6-22 shows
that the relationship between the load and crack opening displacement is
linear almost up to the fracture load. This is especially true for the

tests at -200°F (144K) which indicates that little or no crack growth occurred
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prior to fracture. Detailed test results are presented in Table 6-5. As
observed from Table 6'5, the plane strain fracture toughness values for the
LS and LT directions at room temperature were 72.2 and 73.9 ksi/?ﬁ; {79.4

and 81.2 MN/mB/Z), respectively. The plane strain fracture toughness values
in LS, TS and LT directions at ~200°F (144K} were 40.1, 40.6, and 41.6 ksivin
(44 .1, bLy.6, 45.7 MN/m3/2), respectively. The test results indicate that
fracture toughness is essentially independent of the crack propagation direc-

tions in these planes.
6.5.2 Mode {-1I Tests

Test results and specimen details for 4340 steel specimens containing inclined
through cracks and loaded to fallure in tension at -200°F (144K) in a gaseous
nitrogen environment are summarized in Table 6~6. The photograph in Figure
£-23 shows fracture surfaces of these specimens. As seen from Figure 6-23,
fracture (crack propagation) surfaces were oriented perpendicular to the
applied tension. Examination of fracture surfaces did not reveal any apparent
slow crack growth. These specimens were not instrumented with COD gages.
However, instrumented surface flawed specimens of the same thickness tested
under identical conditions did not show COD evidence of slow crack growth
prior to fracture (Figure 6-22). Stress intensity factors K’ and K|| in Table
6-6 were calculated according to equations given in Figure 6-11. Initial

crack length and orientation and the fracture stress were used to calculate

K, and KII' Results of Table 6-6 are plotted in Figure 6-24 as K| at fracture
Versus K!I at fracture. The plot in Figure 6-24 shows that the fracture
criterion f(KI, KII) for 4340 steel under combined Modes I=11 loading at -200°F
(144K) is well represented by a straight line relationship between KI and K

I

and this relationship can be well described by the equation KI + Klqu ch'

The fracture criterion f(KI, KII) for 4340 steel is significantly different
than that defined by either equation (6-5 or (6-8) ar that inferred from the

. i . .
test datas of W|}son(39) ar Pookch ). In order to compare directly with the
existing test data, a comparison has to be made on the basis of KIIKl versus
c
K!I/Kllc' Thus, KIIC for the material needs to be determined.

Test results and specimen details for two cracked tube specimens of 4340 steel
(Figure 6-7) are summarized in Table 6-7. These two cracked tubes were loaded
to failure in pure torsion to obtain Mode |l critical stress intensity factor,

Kllc at 72°F (295K) in ambient room air environment. As mentioned before, both
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specimens were instrumented with clip gages to measure angular deflection-
across the crak plane against the applied torque. A typical plot of angular
deflection versus applied torque is given in Figure 6-25. As seen from this
plot for the tube specimen B, abrupt crack extension (pop=in) occurred at an
applied torque of 9200 in-1b (1060 joules) and the complete fracture occurred
at an applied torque of 11,250 in-1b (1270 joules). The applied gross shear
stress at failure is 116 ksi which is slightly below the shear yield stress

of 124 ksi. (Shear yield stress is assumed to be equal to tensile yield
stress divided by ¥3 from Mise's yield condition.) Visual observation as well
as results of Figure 6-25 indicated that considerable crack growth had taken
place prior to fracture. Fracture surfaces of the two tube specimens are shown
in Figure 6-26. Fracture for these specimens initiated at a point A shown

in Figure 6-26, and the fracture angles (angle between the crack extension and
the initial crack) were 70 and 75 degrees (1.22 and 1.31 rad) for specimens A
and B, respectively. This compares very favorably with the fracture angles
predicted by equation (6-4) of the maximum stress criterion.

The stress intensity factor K[I for the cracked tube loaded in torsion was
calculated according to eguations (6-9}. The sliding mode stress intensity

factors K based on the initial crack lengths and pop-in torques were 65.5

M?
and 67.5 ksiv/in (72.0 and 74.2 MN/m3/2) for specimens A and B, respectively.

Critical stress intensity factors, K based on initial crack lengths and

fracture torgue were 78.5 and 82.4 ki:jTﬁ-(86.3 and 90.6 MN/m3/2) for sﬁecimens
1o wes 804 ksivin (8.4 wn/n®’?).
Assuming the ratio of K, —at -200°F {144K) to Ko at 72°F (295K) is the same
as K, _ at -200°F (144K) to K. at 72°F (295K), the calculated value of Kilc for
~200°F (144K) is 45.2 ksi/Tn (49.7 W/m>/2). A K, of 45.2 ksivin (49.7 MN/m>/

was used for 4340 steel at -200°F (144K} to calculate K |7Kj | ratios in Figure

A and B, respectively. Thus, average K

6.27, to be discussed later. |If K”C was based on the pop-in torque and the
initial crack Tength, it would have been 37.h4 ksivin (41.1 MN/m3/2).

Some uncertainty exists in the determination of the exact value of critical
plane strain sliding stress intensity factor, K!Ic as the thickness of the
tube does not meet the plane strain criterion for the minimum thickness for
tension-loaded-specimen and the applied shear stress is high with respect to

the shear yield stress. 1t is possible that the value of Kllc is lower than
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45.2 ksivin (49.7 MN/mBJZ). This will change the shape of KIIKIC versus

K“/KIlc curve in Figure 6-27 from a straight line to a slightly convex

(e)liptical shape) curve. However, as shown in Figure 6-24, K| cannot be
much lower than 35.0 ksi#?ﬁ-(38.5 MNlm3/2) since it required an applied K,
of 35.0 ksivin (38.5 MN/m3/2) in the presence of an applied K, of 10.5 ksivin

I
to fracture the specimen. Also, the linear fracture criterion

is around 45.5 ksivin (50.0 MN/m’2).

(11.5 MN/m3/2)

in Figure 6-24 indicates that Klfc

The data of combined mode loading I-11 of 4340 steel at -200°F (144K) are
compared in Figure 6-27 on the basis of Kf/chr versus Klll%ééfr with the
for 7178-T65]

aluminum alloy from inclined center cracked specimens loaded in tension, (2)

(41)

Mode |-11 data at room temperature obtained by: (1) Wilson

for DTD 5050 aluminum alloy from inclined center cracked speicmens

Pook
loaded in tension, (3) Liu(hz) for 7075-T7651 and 2024-T3 aluminum alloys

(43)

from cracked panels loaded in shear and; {(4) unpublished data at Boeing
for 7075-Té51 aluminum alloy from inclined edge cracked specimens loaded in
tension. From Figure 6-27, the fracture criterion under combined Mode =11

for 4340 steel at -200°F (144K) can also be well described by KI/KIC + KII/KIIC =

. The fracture criterion f(KI, KII) is significantly different from that

(39) (41) or that

implied by data of the aluminum specimens of Wilson and Pook
defined by equations (6-5) or (6-8). Thus, for 4340 steel specimens under
combined mode loading |-, presence of Mode [} stress intensity factor has
highly significant effect on Mode | stress intensity factor at which fracture
ocecurs, i.e., K

at fracture can be significantly ltess than K in the presence

of KII' Figure16-27 suggests that the fracture criterion undéi combined Mode

=11 crack surface deformations may be dependent on material, thickness and

test temperature comvination. [t needs to be emphasized that for all data
presented in Figure 6-27 and in References (39, 41-43), K| and Kfl were calculatec
based on initial crack length and orientation and fracture load even though the

(41) (42} (43)

tests conducted by Pook , Liu
stable, out of plane crack growth took place prior to fracture. The finite

(40) of the inclined thru-crack (Figures 6-12 and 6-13) shows

and at Boeing did show that slow,
element solution

that as the crack turns out of Tts plane, K, increases significantly and KII

I
decreases significantly. This indicates that the fracture data and criterion
under combined mode loading should be evaluated using the crack configuration

at the fracture load. The fracture criterion of combined mode f(kl, Kfl)’
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obtained disregarding the crack growth and rotation, could be significantly

in error.
£.5.3 Mode |-I1l Tests

Test results and specimen details of round notched bar specimens (Figure 6-8)
are summarized in Table #-8. These specimens were lcaded to failure at rcom
temperature in pure tension, in combined tension and torsion and in pure
torsion to determine the fracture criterion under combined Mode | and 111,
Details about fatigue crack extension, depth and concentricity are given in
Section 6-3 and Table 6-8.

Stress intensity factors K! and KITl in Table 6-8 were calculated according

to equations (6-10) and (6-11) based on fracture load P_., fracture torque TF

and the initial minimum diameter d at the cracked seciion of the bar.
Results of Table 6-8 are plotted in Figure 6-28 as KI at fracture versus K!l!
at fracture. The probable fracture criterion under combined mode loading |
and Il is shown by the curve in Figure 6-28. The results in Figure 6-28
‘indicate that the fracture criterion under Mode I-I1f can be reasonably
described by a quadratic eguation in Kr and KIII
(6-5) or (6-8) when symbol K, Ts replaced by K,

results in Figure 6-28 show that an applied tearing mode stress intensity

such as given by equations

in these equations. The

factor (K,, ) approximately equal to or less than 70 percent of Klilc has

b

little effect on the opening mode stress intensity factor K, , at which the

!
specimen fails. Similar results for the combined Modes I-II11 interaction have
been reported for 7075-T651(39), DTD 5050 and HE 15W atuminum alloys(h]) and

(M)‘

K9 tool steel Similarly, applied Kl values approximately equal to or

less than 70 percent of K, have little effect on the tearing mode stress

le

intensity factor K at which the specimen fails.

As mentioned in Section 6-3, these specimens were instrumented with clip gages
to measure the axial and angular deflections across the crack plane as a
function of applied tension and torsion, ressectively. Figure 6-29 shows the
tensile load versus tensile axial displacement and torque versus angular dis-
placement for specimens subjected to various KI/K”f ratios. Tensile load

versus displacement curves do not exhibit any nonlimearity almost up to fracture
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for any KIIKIII ratio. However, torque versus angular displacement plots

exhibit significant nonlinear behaviar for specimens with KI/KIII ratios
smaller than 1.16, indicating plastic flow took place. WNet shear stress
{r = 16TF/ﬂd3) at failure for all specimens subjected to either torque T
greater than 3500 in-1b (395 joules) or KI/K

greater than the shear yield strength while the net tensile stress at failure

F
i ratios less than 1.20 was

for all specimens was less than 68 percent of tensile yield stress. For
example, the specimen (3 RNB-10) tested under pure tension fractured at a net
stress (o = hPF/de) in the cracked section of 68 percent of tensile yield
stress while the specimen (3 RNB-5) tested under pure torque failed at a net
maximum shear stress {r = 16TF/wd3) of 169 percent of shear yield stress. This
as well as torque-angular displacement records show that extensive plastic

flow took place prior to fracture under pure torsion.

Figure 6-30 shows the fracture surfaces of the specimens subjected to various
loading conditions of Kr/K The specimen subjected to pure tension (3 RNB-
o ratios of 2.30 and 1.16

(3 RNB-11 and 3 RNB-12} did not have a flat fracture. However, the fracture

[
10) had a flat fracture. Specimens with K /K

surfaces had the same texture as that of the pure tension fracture. This,
and the Mode I-1!l fracture interaction results in Figure 6-28, indicate that

Mode | (K,) played the predominant role in the fracture of these specimens.

The textuie of the fracture surface of the specimen subjected to a KileIl ratio
of 0.63 (3 RNB-9) was similar to that of the fracture under pure torque
indicating Mode 1] (KI!I) played the dominant role in the fracture. The frac-
ture surface of the specimen subjected to pure torsion was flat with shear

rubbing marks.
6.5.4 Mode 1-11-111 Tests with Flat Specimens

Test results and specimen details of flat slanted surface flawed specimens
{Figure 6-9) are summarized in Table 6-9. These specimens were loaded to fail-
ure in tension at -200°F (144K) in gaseous nitrogen environment to investigate
fracture criterion under combined Mode |, Il and |1l. The stress intensity
factors Kl and KIPI in Table 6-9 were calculated at the maximum depth (point

A in Figure 6-31) according to equations (6-12) and (6-14). Kll at point A is

zera. The stress intensity factors KI and KII in Table 6-9 were calculated
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at the free surface {point B in Figure 6-31) according to equations (6-16)

and {6-17). Kip, 2t point B is zero as given by equation (6-18).

Figure 6-32 shows fracture surfaces for the specimens with ¢ = 0, 25, 45 and
60 degrees (0, 0.44, 0.79, 1.05 rad}. The fracture surfaces were completely
flat for Mode | specimens. Fracture surfaces, for specimens with cracks
inclined at ¢ = 25 and 45 degrees (0.44 and 0.79 rad) had a stepped appearance
near and around the flaw periphery. Fracture surfaces were flat and per-
pendicular to the applied loading from the end of the crack at the free sur-
face to specimens edge, as shown in Figure 6-32. For specimens with cracks
inclined at ¢ = 0, 25 and 45 degrees (0, 0.44, 0.79 rad), fracture appeared to
initiate around the point at the maximum crack depth where Kll is nearly

zero and KI and K are the highest. For the specimens with cracks inclined

at ¢ = 60 degreestz:.OS rad), the fracture initiated near the point on the
crack periphery at the free surface and transverse fracture, perpendicular
to applied loading, occurred. The fracture path did not intersect the flaw
front other than at the front surface. The combined mode data are evaluated
in terms of KI_KIII at the point of maximum crack depth, A and KI--Kll at the
paint near surface, B in Figure 6-31. Figure 6-31 also contains data of
Specimens 3TSF-1 and 3TSF-2 of Table 6-5. Figure 6-31 suggests that
applying KlII approximately up to 70 percent of KIIIc has little effect on

KI at which fracture occurs.

6.5.5 Mode I-II-11t Tests with Round Specimens

Test results and specimen details of ten round specimens containing surface
cracks (Figure 6-10) are summarized in Table 6~10. These specimens were loaded
to failure at room temperature in pure tension, in combined tension and torsion
and in pure torsion to study the fracture criterion under combined Mode I, It
and IIl. For the cracked specimen under torsional loading only, both KII and
K, are present along the periphery of flaw, (as shown by the results of three-
dimensional frozen stress photoelastic experiments in Section B) except KII is
negligible at the maximum crack depth and Kril is negligible near the free sur-
face. Stress intensity factors are not shown in Table 6-10 since good estimates

for stress intensity factors are not available for this specimen type.
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Figure 6-33 shows a plot of COD (in the axial direction) versus tensile load
and angular displacement across the crack plane versus torque for various
ratios of applied tension stress to shear stress, o/t. As seen from Figqure
6-33, crack opening displacement and angular displacement are linear with
respect to tensile load and torque, up to failure for the specimens subjected
to o/t ratios greater than 0.27. Specimen 3RSFB-8 was subjected to the
simultaneous loading with a o/t ratio of 0.27. Crack opening displacement
versus tensile load behavior is linear until fracture occurred. However,
angular displacement versus torque is nonlinear. The gross maximum shear
stress at the outer fibers for this specimen was 100 ksi (690 MN/mZ) which

is over 70 percent of shear yield stress, The two displacement plots for

3 RSFB-8 would indicate that shear yielding and warping occurred and probably
flaw growth did not take place. Specimen 3 RSFB-11 was subjected to pure
torsion. As seen from Figure 6-33, a pop-in occurred at an applied torque of
around 7200 in-1b (813 joules). A second pop-in occurred at 8400 in-1b (950 joules).
The specimen failed at an applied torque of 10,100 in-1b (1152 joules). The
gross maximum shear stress at outer fibers at failure was 149 ksi (1027 MN/mz)

which is over 110 percent of shear yield stress.

Flaw dimensions in all specimens were comparable except for two specimens

which had significantly large flaws. The range of flaw depths and lengths for
the other eight specimens were 0.192 to 0.280 in. (4.88 to 7.1 mm) and

0.530 to 0.645 in. (13.46 to 16.38 mm), respectively. In the absence of a

good estimate for the stress intensity factor for this problem, the results

of these eight specimens are shown in ngure 6.34 in terms of the tensile

The actual failure

stress at failure, o and the shear stress at failure, t

stresses oé = 4PF/WEZ, and T& = ISTF/nh3 for the specimegs with flaw depth

a (0.192 in < a <0.280 in (4.88 mm < a < 7.11 mm)) were converted to failure
stresses o and Tp for the flaw depth of 0.240 in (6.10 mm) by multiplying

oé and T% by the factor vD.240/a where a 1is measured in in. or (V6.10/a where
a is measured in mm). Failure stresses op and Tp are piotted in Figure 6-3h.
Once again, the results show that the tensile stress at failure |s almost
unaffected by the presence of a shear stress up to 100 ksi (690 MN/mZ) which

is approximately 70 percent of shear stress at failure under pure shear.

Figure 6-35 shows a photograph of the fracture surfaces for these surface

cracked cylindrical specimens for various ratios of UF/TF. The specimen
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subjected to pure tension had a completely flat fracture. Most of the middle
portion of the fracture surfaces of the spcimens subjectedto GF/TF = 1.12 and
0.61 had textures similar to that of the pure tension specimens. Shear
rubbing marks were observed on the periphery. The fractures appeared to be
controlled by Mode | and to start at the maximum depth. The middie left
portion of the fracture surface of the specimen subjected to UF/TF = 0.27

had a texture similar to that of the pure tension specimen and the other
portion of the fracture resembled to that of the pure torsion specimen. The
specimen subjected to pure torsion had a nearly flat fracture with shear
rubbing marks over the fracture surface. From examination of the fracture
surfaces, it appears that fracture in all these specimens initiated near the
maximum crack depth. Thus, it seems that for this specimen-loading configura-
tion, the fracture originated under combined Mode I-I11 locading conditions.
Since the comstraint to crack tip deformation is higher at the maximum crack
depth than at the surface of the specimen, and since KI and KII! are the
highest at the maximum crack depth than at any point on the crack periphery
of the specimen {as shown in Section 8), it is not surprising that the frac-

ture did originate near the maximum crack depth.
6.5.6 Fracture Criterion Under Mode I-|1}

A composite plot for the combined Mode -1}l fracture test results is presented
iII/KIIIcr for round notched bar specimens,
flat surface flawed specimens with inclined cracks and cylindrical surface

at -200°F (144K) was not determined

in Figure 6-36 as KI/Ktcr versus K

flawed specimens of 4340 steel. Killcr
experimentally. Hence, the following linear relation was assumed for estimat-

ing Ky, at ~200°F (1h4K) .

[llcr EJlea: (6-21)

K
ler ~200°F ler R.T.
{144K)

Since all the surface- flawed cylindrical specimens had nearly the same flaw
sizes, and the failure stresses UF and Te are adjusted for a single flawrsize,
the ratios of K /K and K, ,/K can be calculated with little error by

1" Vler 1 iller

the following eguations.
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a o
K /K, = F _F
1" ler o for the specimen subjected to pure tension o
(6-22)
T T

F _F

K = — " - : S
Ilcr e for the specimen subjected to pure torsion <t

Kiv/
C

(6-23)

Figure 6-36 shows that the non-dimensionalized data, obtained from the room
temperature testing of round notched bar specimens and surface flawed cyl-
indrical specimens, and from -200°F (144K) testing of inclined surface flawed
flat specimens, are in general agreement. The results in the plot bear out
the same conclusions as drawn previously for the interaction of KI and Klll
on failure in Section 6.5.3 to 6.5.5. Fiqure 6-36 shows the probable frac-
ture criterion and the lower bound of the fracture criterion for the com-
bined Mode 1-ilt loadings for 4340 steel. The probable fracture criterion

and the lower bound of the fracture criterion are represented by the eguations

{(6-24) and (6-25), respectively.

2 b.75
= -24
e R L ITTA T } (6-24)
2 ( 2
AP R T (6-25)
6.6 CONCLUSIONS
Cracks subjected to combined Mode I-I1 crack surface deformations propagate in

a plane that is rotated with respect to the original crack plane and the
direction of crack propagation can be well predicted. The empirical relation-

ship K, + K,, = K, or K, /K, + K, /K = | represents the fracture criterion
| il lc 1" le I R '

adeguately for 4340 steel specimens at -200°F (144K).

For cracks subjected to combined Mode '-111 and 1-11-111 crack surface deforma-

tions, it was found that the application of KIII up to about 70 percent of Kl!lc

has little effect on KI at which fracture occurs. Similarly, the application

of K' up to about 70 percent of KIC has littie effect on KIII at which fracture

occurs. The lower bound of the fracture criterion F{K ,K, . ) for 4340 steel

RN
)2 + (K, /K

. . . 2
can be adequately described by the quadratic equation (KI/KIcr P Illcr)
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7.0 FRACTURE IN COMBINED MODES [N 2219-T87 ALUMINUM
AND 6A1-LV BSTA TITANIUM

This section describes the results of tests conducted on surface flawed
cylindrical specimens of 2219-T87 aluminum and BAl-L4Y BSTA titanium under
ambient room environment to study the effects of combined tension and shear
stresses on fracture and cyclic flaw growth characteristics. General back-
ground on combined mode loading and objective of tests are described in Sec-
tion 6.1. Test machine, setup and instrumentation used for these tests are
identical to those described in Section 6.4, In Section 7.1, the test pro-
gram and procedures are described. Section 7.2 contains description and
analysis of static tests. Section 7.3 describes and interprets the results

of cyclic tests.

7.1 TEST PROGRAM AND PROCEDURES

7.1.1 Test Program for Static Specimens

Twenty-eight surface flawed cylindrical specimens of 2219-T87 aluminum, as
shown in Figure 7-1, were loaded to failure in an ambient room air environ-
ment under combined tension and torsion loadings according to the test pro-
gram outlined in Table 7-1. Twelve of these specimens had flaw dimensions a
and 2¢ (as shown in Figure 7-1) of approximately O0.44% in. {11.2 mm) and 1.15
in. (29.2 mm), respectively. The ratios a/2c and a/d for these specimens were
approximately 0.4 and 0.3, respectively. These specimens were tested as shown
in Figure 7-2. Three specimens were axially loaded to failure, one specimen
was torqued to failure, four specimens were axially loaded to one of two dif-
ferent tensile stress levels and then were torqued to failure while maintain-
ing the applied tensile load, and four specimens were loaded to one of two dif-
ferent shear stress levels and then weré pulled to failure in tension while
maintaining the applied torque. Test conditions and flaw dimensions for the
other sixteen aluminum specimens are summarized in Table 7-1. Ratios a/2c

and a/d for twg}ve specimens were approximately 0.3, and 0.2 and for the remain-

ing four specimens were approximately 0.35 and 0.2, respectively.

Twenty-eight surface flawed cylfndricai specimens of BAI-LV BSTA titanium, as
shown in Figure 7-3, were tested in an ambient environment under combined

tension and torsion loading, according to the test program outlined in Table 7-1.
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Flaw dimensions a and 2c for fourteen specimens were approximately 0.28 in.
(7.1 mm) and 0.68 in. {17.3 mm), respectively. Ratios a/2c and a/d for these
specimens were approximately 0.4 and 0.3, respectively. Flaw dimensions a
and 2¢ for the remaining fourteen specimens were 0.19 in. (4.8 mm) and 0.61
in. (15.5 mm), respectively. Rat?os‘a/2c and a/d for these specimens were
approximately 0.3 and 0.2, respectively. Loading combinations are described

in Table 7-1.
7.1.2 Test Program for Cyclic Specimens

Eighteen surface flawed cylindrical specimens of 2219-T87 aluminum, as shown
in Figure 7-1, were cycled to failure in an ambient environment under combined
tension and torsion loadings. Out of these efghteen specimens, nine specimens
had flaw dimensions a and 2c of approximately 0.29 in. (7.4 mm) and 0.95 in.
(24.1 mm}, respectively. Ratios a/2¢ and a/d for these specimens were nearly
0.3 and 0.2, respectively. THe remaining nine specimens had flaw dimensions

a and 2c of approximately 0.42 in. (10.7 mm) and 1.11 in. {28.2 mm), respect-
ively. Ratios a/2c and a/d for these specimens were approximately 0.4 and

0.3, respectively. The test program for these specimens is shown in Table 7-2.

Eighteen flawed cylindrical specimens of BAl-4Y BSTA titanium, as shown in
Figure 7-4, were cycled to failure in an ambient room environment under com-
bined tension and torsion loadings. The test program for these specimens is
summarized in Table 7-2. As shown in Table 7-2, nine specimens had flaw dim-
ensions a and 2¢ of 0.19 in. (4.8 mm} and 0.50 in. {12.7 mm), respectively.
For these specimens ratios a/2c and a/d were approximately 0.4 and 0.2,
respectively. The remaining nine specimens had flaw dimensions a and 2c of
0.28 in. (7.1 mm) and 0.70 in. {17.8 mm), respectively. These specimens had

flaws with ratios a/2c and a/d as 0.4 and 0.3, respectively.
7.1.3 Procedures

A1l aluminum specimens were machined from a 2.5 in. (63.5 mm} thick plate such
that the crack propagation direction was always TS. All titanium specimens
were machined from a 1.0 in. {25.4 mm) thick plate such that the crack pro-
pagation direction was LS. All static fracture as well as cyclic specimens

of aluminum and titanium were instrumented with clip gages to continuocusly
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measure both axial and angular displacement across the flawed cross section
with respect to applied tension and torsion, respectively. Instrumentation

and test setup are described in Section 6.4.

Cyclic stress ratio {minimum cyclic stress to maximum cyclic stress) was 0.05
for tension fatigue cycles and 0.0 for shear fatigue cycles. All aluminum

and titanium specimens were cycled until either fracture occurred or fracture
was imminent. MNormally, a cyclic test could be terminated within a few cycles
of specimen failure by observing COD output for tension loaded specimens and
angular displacement output for the torsion loaded specimens. The tests were
terminated just prior to failure so that flaw peripheries could be marked and
seen after pulling them to failure in tension. Cyclic specimens subjected to
tensile and shear stresses were cycled under simultaneously and synchronously
applied axial and torsional loadings. Cyclic frequency was 20 cpm (0.33 Hz)

for all specimens.

7.2 TEST RESULTS AND DISCUSSION

7.2.1 Static Fracture Tests of Aluminum

Specimen details and results of static fracture tests of twenty-eight 2219~
TB7 aluminum cylindrical specimens (Figure 7-1) are summarized in Tables 7-3
through 7-5. These specimens were loaded to failure at room temperature in
combined tension and torsion loadings. Tension and torsion loadings were
applied separately and the order of loading is shown in these tables. Shear
stress 1, given in these tables and subsequent tables, was calculated from the
applied torque T as 1 = 16T/(nd3). Shear stress t, thus, is the maximum gross

shear stress at the outer fibers of the cylindrical specimen.

Figure 7-5 contains typical plots of crack opening displacement (in the axial
direction) versus tensile load and angular displacement across the crack plane
versus torque for four specimens subjected to different ratios of tension
stress at failure to shear stress at failure GF/TF. Specimen 1A1-12 was sub-
jected to a tensile load of 41.1 kips (0.184 MN). COD versus load behavior
was linear. The specimen was then subjectéd to torsion while maintaining the
tensile load. As the torgue was applied COD remained constant initially and
then started to increase as shown in Figiure 7-5. Specimen 1Al-3 was subjected

to a torgue of 20,300 in-1b (2300 joules). While maintaining this torque
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constant, the specimen was subjected to tensile load. The angular displace-
ment remained constant initially and then started to increase with increasing
load. Nontinear behavior of the displacement for these two specimens can be
due to any or all of the following factors: (1) plastic yielding around the
flaw periphery, (2) warping of the flawed cross section, and (3) flaw growth.
The possibility of flaw growth could not be ruled out since none of these spec-
imens were unloaded and subjected to low stress fatigue cycles to mark the

flaw peripheries. Specimen 1Al-10 was failed in pure torsion. The gross shear
stress at the outer fibers of the spécimen was 36.1 ksi which is about 10 per-

cent higher than the shear yield strength of the material.

Table 7-3 contains test data for twelve specimens containing surface flaws of
depth a= 0.44% in. (11.2 mm) and 2¢c = 1.15 in. (29.2 mm). Sirnce expressions
for stress intensity factors are not available for the specimen-flaw-loading
configurations and since flaw dimensions do not vary more than 5 percent
between specimens, the results are plotted in terms of gross tensile stress at
failure UF versus shear stress at failure, T
7-8 show similar plots for flaw dimensions of a =2 0.30 in. (7.6 mm), and
2¢ 20.98 in.(24.9 mm), a = 0.26 in. {6.6 mm) and 2c = 0.75 in. (19.0 mm),

respectively. Failure stress 1. in pure shear (OF = 0) in Figure 7-7 was

in Figure 7-6. Figures 7-7 and

estimated as 40.4 ksi (279 MN/m") from the failure stresses Te in pure shear

of aluminum specimen 1A1-10 and titanium specimens 4TR-12 and 4TR-27. Titanium
specimen 4TR-12 has the same flaw shape and geometry {a/2c and a/r) as the spec-
imens in Figure 7-7. Titanium specimen 4TR-27 has the same flaw shape and
geomefry as the aluminum specimen 1A1-10. From these plots of Figures 7-6, 7-7
and 7-8, two observations can be made. (1) Presence of shear stress up to 30
ksi has small effect on tensile stress at which fracture occurs. (2) For the
same flaw size and applied shear stress of approximately 30 ksi, if torque was

applied prior to applying tension load, the specimen required higher tensile

load to fail than when tensile icad was applied prior to torsion.

The later observation may be explained as follows. When high shear stress
is applied first, crack surfaces may overlap due to twisting and the crack
may blunt due to yielding. Subsequently, when tensile load is applied, the
crack would not open up as much as when tensile load is applied first. As a
result, the specimen would require higher tensile load to fail when it is

first subjected to high shear stress.
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Figure 7-9 shows the fracture surfaces for the specimens subjected to various

ratios of OF/T Observations made of fracture surfaces of steel specimens

in Section 6.5?5 (Figure 6-35) also apply to fracture surfaces of aluminum
specimens. Careful examination of fracture surfaces of the specimens indicated
that the fracture origfnatedrat the area near the point of maximum crack depth
for most specimens. Fracture origin for some specimens, where torsion was
applied prior to tensile load, could not be traced definitely. As mentioned
before in Section 6.5.5 and as stiown in Section 8, stress intensity factor

KI and Krll are maximum at the maximum crack depth and Kll is negligible there for
the specimen subjected to combined tension and torsion. Also the constraint

to the crack tip deformation is maximum there. It seems that for this specimen-
loading configuration, the fracture originated mainl!y under combined Mode I-11]|
conditions even though other points on the flaw peripbery were subjected to

all three modes of crack surface displacements. As described in Section 6.5.%,

o Kirner

(6-23) with little error from the failure stresses OF and T of the combined

tension and torsion specimens and the failure stresses . and T, for the

the ratios Klfklcr and K can be calculated by equations (6-22) and

identical flawed specimens subjected to pure tension or torsion, respectively.

As seen from Figure 7-6, o, and T, for the specimens with flaw dimensions
am 0.44 In. (11.2 mm) and 2c = 1.15 in. {19.2 mm) are 27.0 ksi {186 MN/m%)

and 36.1 ksi (249 MN/mz), respectively. As seen from Figure 7-7,
o, and T, for the specimens with flaw dimensions a ®0.30 in. (7.6 mm) and

2¢ ®0.98 in. (24.9 mm) are 34.2 ksi (236 MN/mz) and 40.4 ksi (279 MN/mZ),
respectively. Data of Figures 7-6 and 7-7 are plotted in Figure 7-10 as

KI/KIcr or UF/GC versus KIII/K or T /Tc. Figure 7-10 also contains the

probable fracture criterion (eéléi?on (6524)) and the lower bound of the fracture
criterion {eguation {(6-25)) from Figure 6-36 for 4340 steel specimens subjected
to combined Mode |-111 loadings. When data points with high shear stresses
applied first to the specimens are weighed less or neglecfed, results in Fig-

ure 7-10 show that the fracture results of 2219-T87 aluminum specimens are

fairly well described by the failure criterion of 4340 steel! under combined

Mode |-111 given by equation {6-24). The results in Figure 7-10 bear out the

same conclusions as drawn previously in Section 6.5.3 to 6.5.6.
7.2.2 Static Fracture Tests of Titanium

Static fracture toughness K. for 1.0 in. (25.4 mm) thick BAI-4V BSTA titanium
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was determined with surface flawed specimens. As shown in Table 7-6, fracture
toughness K}E at room temperature under an ambient environment was 69.2 ksivin
(76 .1 MN/m3

of the material are given in Section 3.1.

) in the crack propagation direction LS. Mechanical properties

Specimen details and results of static fracture tests of 6AI-4V RSTA titanium
cylindrical specimens are summarized in Table 7-7 and 7-8. These surface
flawed cylindrical specimens were loaded to failure at room temperature in com-
bined tension and torsion loading. Figure 7-11 contains typical plots of crack
opening displacement versus tensile load and angular displacement versus torque
for six specimens subjected to different ratios of axial tensile stress at
failure to shear stress at failure. Observations made in the previous section
for load-displacement plots of aluminum (Figure 7-5) apply for plots in Figure

7=11 also.

Table 7-7 contains test data for twelve specimens containing surface flaws of
depth a = 0.19 in. (4.8 wm) and 2c = 0.61 in. (15.5 mm). Results of Table 7-7
are plotted in terms of gross tensile stress at failure, Cps VErsus gross max-

imum shear stress at failure, 1 in Figure 7-12. Figqure 7-13 shows a similar

plot for the results of Table 758 for flaw dimensions of a = 0.28 in. (7.1 mm)
and 2c ®=0.68 in. (17.3 mm). Observations similar to those made for aluminum
specimens from Figure 7-6 and 7-7 in the previous section, can be made from
Figures 7-12 and 7-13. The data in Figures 7-12 and 7-13 show that tensile
stresses at failure were affected 17ttle by the presence of shear stress up to
70 ksi (about 70 percent of shear stress at failure in pure torsion). Also data
in Figures 7-12 and 7-13 show that for constant values of flaw size and applied
torque, if torque is applied prior to applying tensile load, slightly higher
tensile failure loads are obtained than when the tensile load is applied prior

to tension.

Results of Figure 7-12 and 7-13 are shown in terms of KI/KICr or UF/GC versus
Klll/Klllcr or TF/TC. As shown in Figure 7-12, o and t_ for specimens of
Table 7-7 {a = 0.19 in. (4.8 mm)) are 100.0 ksi (689 MN/m2) and 106.2 ksi

(732 MN/m2), respectively. From Figure 7-13, O and T, for specimens of Table
7-8 (a = 0.28 in. (7.1 mm)) are 78.0 ksi (538 MN/m2) and 95.h ksi (658 MN/m2),

respéctivety, The probable fracture criterion and the lower bound of the
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fracture criterion under combined Mode |-1t1 of 4340 steel is also shown in
Figure 7-14. The failure criterion of 4340 steel describes the combined mode

fracture results of titanium quite well.

For pure torsion specimens of aluminum and titanium the gross shear stress at
the surface of the specimen (where it is maximum) was higher than the calculated
shear yield strength of the material. This could have an effect on the fracture
criterion. If Mode | experimental results of surface flaws in the presence of
plastic yielding(5’20) is used for the interpretation of the above results of
pure torsion, it would indicate that the shear stress at failure under elastic

conditions would be slightly higher. Thus, ratios KIII/K would be slightly

Ilcr
smaller than those shown in Figures 7-10 and 7-14 and would have a small effect

on the failure criterion.

Figure 7-15 shows fracture surfaces for six titanium specimens subjected to
different ratios of GF/TF. The specimens subjected to pure tension (4 TR=20)
and pure torsion {4 TR-27) had flat fractures. Specimens subjected to tension
and torsion both had antisymmetric fracture surfaces, as shown in Figure 7-15.
Fracture surfaces of specimens subjected to GF/TF = 2.28 and 1.10 had textures
similar to that of the pure tension specimen. Fracture surfaces of the spec-
imens subjected to GF/TF = 0.58 and 0.30 had shear rubbing marks over the‘

entire surface similar to pure torsion specimen.

From the results of aluminum (Figure 7-10), titanium (Figure 7-14), and steel
(Figure 6-36) and combined Modes | and |11 results of 7075-T651 aluminum of
Reference 39 {results not shown here}, it can be concluded that the lower bound
of the fracture criterion under combined Modes | and |11 loading can be well
described by the quadratic equation in KI/KIcr and Klllfklllcr given by the
equation (6-25). This suggests that the failure criterion given by equation
(6-25) is very likely applicable to other materials where flaws are subjected
to Modes | and 11| crack surface displacements. The results also show that

an applied tearing mode stress intensity factor KIII approximately equal to

or less than 70 percent of KIIJcr has little {less than 20 percent of chr)
effect on the opening mode stress intensipy factor KI at which fracture occurs.
Similarly, the application of KI up to about 70 percent of chr has little

(leés than 20 percent of Klllcr) effect on the KIll at which fracture occurs.
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7.-2.3 Cyclic Tests

Specimen details and results of cyclic tests conducted on surface flawed
cylindrical specimens of 2218-T87 aluminum (Figure 7-1) and 6A1-4Y BSTA
titanium {Figure 7-4) are summarized in Tables 7-9 and 7-10, respectively.
Approximate flaw sizes and ratios of applied tensile stress to shear stress

g/t are shown in Table 7-2. Some of the aluminum and titanium specimens

were fatigued under pure tensile stresses. Maximum cyclic tensile stresses
were approximately 90, 80 and 70 percent of the static failure stresses of

the corresponding flaw size and material. Some of the aluminum and titanium
specimens were fatiqued under synchronously applied tensile and shear stresses.
The ratios of applied tensile stress to shear stress, o/t, were generally
either 2 or 1. Maximum cyclic tensile and shear stresses were approximately
90, 80 and 70 percent of the static fracture tensile and shear stresses of

the corresponding o/t ratio, flaw size and material. As seen in Figures

7-6, 7-7, 7-12 and 7-13, the static tensile stresses at fracture for these two
ratios of ¢/t were at least greater than 80 percent of the static tensile
fracture stresses under pure tension for the corresponding flaw sizes. Maxi-
mum cyclic shear stresses for the aluminum and titanium specimens cycled under
pure torsion were between 60 to 75 percent of the static fracture shear stresses

for the corresponding flaw size and material,

For the cyclic tests under combined tensile and shear stresses at a given o/t
ratio, each of the maximum cyclic tensile and shear stresses was set at a
percentage X of the corresponding static tensile and shear failure stresses

(2-8)

given by Figures 7-6, 7-7, 7-12 or 7-13. Previous experimental data has
shown that cyclic lives for precracked specimens are often primarily a function
of the ratio of initial stress intensity factor to critical stress intensity
factor, Kfi/Kicr' This ratio is eguivalent to the ratio of the maximum cyclic
stress to the static fracture stress of the specimen with the same flaw size.
Thus, Kli/KIcr is the same as X defined before. Hence, an analysis was under-
taken to compare the cyclic lives for combined tension and shear tests with
those obtained for pure tension tests of surface flawed specimens in which

the ratio of initial to critical stress intensity factors K”/KICr was equal

8
to X(' ). Data of Tables 7-3 and 7-10 are shown in Figures 7-16 and 7-17,
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respectively, as X versus number of cycles to failure. Limited results of
Figures 7-16 and 7-17 show that cyclic lives for combined tension and shear
tests can be well predicted from the cyclic lives of the surface flawed

specimens subjected to pure tension. However, this requires a knowledge of
factor X which requires a knowledge of static fracture criterion under com-

bined tensile and shear stresses,

Results in Figures 7-16 and 7-17 show that for the same value of X, cyclic

lives for the specimens fatigued under pure tension stresses were significantly
less than the cyclic lives for the specimens fatiqued under pure shear stresses
X, here, is Kfi/K or K,,,/K

lcr (1 lrter
Results thus indicate that in these tests, at any given value of X, fatigue

depending upon tension or torsion loading.

crack propagation rates for tension stresses were higher than those for shear

stresses,

The fracture criterion under combined tension and shear in Figure 7-12 was
obtained for a flaw size of a = 0.19 in. (4.8 mm) and 2¢c = 0.6 in. (15.5 mm) .
However, eight cyclic specimens of titanium with small flaws had flaw dimensions
a =0.19% in. (4.9 mm) and 2¢ = 0.50 in. (12.7 mm). One static specimen, ATR-1,
loaded to failure in pure tension, had a similar sized flaw as those in cyclic
specimens. The static failure stress in oure tension of 4TR-1 was compared with
the static failure stress in pure tension of other specimens with a ~0.19 in.
(4.8 mm) and 2c = 0.61 in. (15.5 mm). This showed that it would requife ik
percent higher tensile stress to fail the specimen with a ® 0.194 in. (4.9 mm)
and 2¢ ®0.50 in. (12.7 mm) than the stress required to fail the specimen with
a®0.19 in. (4.8 mm) and 2c = 0.61 in. (15.5 mm}. It was assumed that fhe
fracture criterion under combined tension and shear for flaws of a = 0.19 in.
(4.8 mm) and 2 ¢ ™ 0.50 in. (12.7 mm) can be obtained from that of Figure 7-12
by multiplying tensile stress at failure and shear stress of failure by the
factor 1.14. Static fracture stress computed this way was used to calculate
factor X for flaws of a = 0.19 in. (4.8 mm) and 2c =0.50 in. (12.7 mm) in
Figure 7-17.

Figure 7-18 shows the fracture surfaces of five specimens of aluminum fatigued
under three different ratios of a/t. Specimen 5A1-12 was fatigued under pure

tensile stresses (9/7 = =). Specimens 5AI-15 and 5A1-18 were fatigued under
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synchronously applied tensile and shear stress with ratio o/t = 1.0. Spec-
imens 5A1-16 and 5A1-17 were fatigued under pure shear stresses (o/T = 0).
Cyclic tests on 5A1-12, 5A1-16 and 5A1-18 were terminated a couple of cycles
prior to failure and then the specimens were marked. Specimens cycled under
pure tension had flaw growth-fn the plane of flaw and had a flat fracture.

Qut of plane flaw growth occurred in specimens subjected to combined tension
and torsion loading. For unknown reasons, specimen 5A1-18 fatigued under

g/t = 1.0 had a one sided out of plane flaw growth. Specimen 5A1-16, fatigued
under pure shear stresses (o/t = D) had flaw growth largely in the piane of
flaw. Flaw growth in Specimen 5A1-17, fatiqued under pure shear (o/t = 0),
was also largely in the flaw plane. However, during the last cycle when frac-
ture occurred, the flaw grew out of its plane. The angle between the fracture

surface and the flaw plane was approximately 60 degrees (1.05 rad).

Figure 7-19 shows the fracture surfaces of four specimens of titanium fatigued
under four different ratios of ¢/1. As seen from the photograph in Figure 7-19,
the flaw growth in specimens fatigued under pure tensile stresses (g/1 = =) and
combined tensile and shear stresses (c/t = 2 and o/t = 1) was nearly in the
plane of the flaw. 1in fact, flaw growth in all specimens except Specimens

57C-9 (o/tr = 0), 5TC-18 {(c/1 = 0) and 5TC-15 {(o/7 = 1.0} was nearly in the
plane of the crack. Specimens 5TC-9, 5TC~18 and 5TC-15 were the only specimens
where fracture occurred while cycling (Table 7-10). in these three specimens
also (as seen for Specimen STC-18 from the photograph in Figure 7-19), fhe flaw
growth was nearly in the plane of flaw intially. Thus, it seems that the flaw

grew out of its plane largely during the last cycles prior to fracture.
7.3 CONCLUSTONS

On the basis of examinations of the fracture surfaces, it was concluded that
Fracturés in surface flawed cylindrical specimens subjected to combined Mode
[-11-411 crack surface displacements originated at or near the point of maxi-
mum crack depth where the constraint to crack tip deformation is maximum and

only Mode [-111 conditions existed.

Results obtained éo far show that the faiture criterion for 2219-T87 aluminum,

6AT-4V BSTA titanium and high strength 4340 steel under combined Mode | and 111
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crack surface displacements can be adequately described by the single empirical

IiI/KIIicr
that an applied tearing mode stress intensity factor K

equation of KF/chr and K given by equation {6-24). The results show

E less than 70 percent

of KIllcr’ has little (less than 20 percent of chr) effect on the opening mode

stress intensity factor KE at which fracture occurs., Simitarly, the applica-

tion of K up to about 70 percent of K has 1ittle (less than 20 percent of

I fcr
K!Iicr) effect on the Kltf at which fracture occurs.
The Tower bound of the fracture criterion under combined Mode | and 111l locad-

ing for the above three materials and 7075-T651 aluminum is well described by

the quadratic equation of KIJKTcr and K /Krllcr given by equation (6-25).

Irt
This suggests that the fallure criterion given by equation (6-25) is very
likely applicabie to other materials where flaws are subjected to Mode | and

1l crack surface displacements.,

Cyclic lives for surface flawed cylindrical specimens subjected to combined
tension and torsion can be predicted from the cyclic lives of the surface
flawed specimens subjected to pure tension and the static fracture criterion

for the same specimen-flaw~configuration under combined tension and torsion.
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B.0 EXPERIMENTAL DETERMINATION OF STRESS INTENSITY
FACTORS USING PHOTOELASTIC TECHNIQUE

Two and three-dimensional photoelastic analyses have been used to determine
stress distributions near crack tips and stress intensity factors for cracks
in plates subjected to static and dynamic loading(SO-GZ).

Since analytical determination of stress intensity factors for surface flawed
cylindrical specimens subjected to tensile or torsional loading is extremely
difficult, photoelastic experiments utilizing stress freezing and slicing
technigues were conducted to determine maximum shear stresses {isochromatics)
near the notch tip. These maximum skear stresses were then used to deter-

mine stress intensity factors around the flaw periphery,

v

Stress distributions near a notch tip and their relationships with stress
intensity factors are described in Section 8.1 for different loading con-
ditions. Section B.1 thus gives needed analytical expressions to evaluate
data of photoelastic experiments. Test program, specimen preparation and
experimental procedures are described n Section 8.2. Section 8.3 contains

the photoelastic data and interpretation of data.

8.1 BACKGROUND FOR AMALYSIS

B.1.1 Three-Dimensional Stress Distribution Near a Blunt Crack

fn order to evaluate stress intensity factors using frozen stress photoelast-
icity procedures, the effects of inherent crack blunting invelved in machining
the crack into the specimen as well as the additional crack blunting occurring
during the stress freezing cycle must be considered. The blunting changes the
stress distribution near the crack tip. Stress distribution near a blunt crack
{notch) can be estimated from an available solution for the near field stress
distribution for elliptic and hyperbolic notches in a plate for the three
modes of lTocal crack deformation(63). The expressions describing the stress
distribution for elliptic and hyperbolic notches are identical. These stress
field equations are quite similar to the corresponding equations for sharp
plane cracks defined by equation (6-1) to {6-3) except the origin of blunt
notch coordinate system is located at a distance p/2 from the end

of the notch as indicated in Figure 8-1 (p is the radius of the curvature
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at the tip of the notch).

ordershigher than p/a are neglected.

It is assumed that p << a; conseguently terms of

Expressions describing the stress fields near blunt crack tips are given

below.

lowing expressions for stresses.
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because of the restriction that r » p/2.
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Terms of the orders higher than (r) are not included in the fol-

The stress field expressions remain finite

(8-1a)

(8-1b)

(8-1¢c)

(8-14d)

(8-1e)

(8-2a)

(8-2b)

{8-2¢)

(8-2d)

(B-2e}



Mode 1ii:

K
o M e _
et R (8-32)
K ‘
Typ = }-Jiig-cos %—, (B-3b)
2mr _
an = %2z = %tt = Tpz = O (8-3¢)

When the above stress field equations are compared with the corresponding

equations of a sharp crack (equations (6-1}, (é-2), (6-3)), it is seen that

the above equations have an additional term for Modes | and Il given by the
second term containing ¢/2r in each equation. For Mode |11, the stress
equations for blunt notches and sharp cracks are identical. It is emphasized

that r is defined differently for the blunt notch and the sharp crack.

Kassir and Sih(hg), and Shah and Kobayashi(ah)

dimensional stress distribution near the boundary of a sharp planar crack

have shown that the three-

bounded by a smooth curve (such as an elliptical crack or a crack shown in
Figure 8-2) is given by equations (6-1) to (6-3) for two-dimensions when a
local coordinate system, as shown in Figure 8-2, is used. For three-
dimensional crack problems, n,z,t,r and 8 are defined as shown in Figure 8-2.
It would be safe to assume that the three-dimensional stresses near a blunt
planar c¢rack bounded by a smooth curve would be the same as those given by

equations (B-1) to (B-31) when r, 6 and p are defined as shown in Figure 8-3.
8.1.2 Stress Intensity Factors for a Blunt Crack from lsochromatics

From the frozen stress technigue of three-dimensional photoelasticity, a
pattern of isochromatics {maximum shear stress in the plane of slice) can

be obtained. The photoelastic slices are taken in an n-z plane for the notched
specimens subjected to tension and the measured fringe orders {isochromatics)

give the maximum shear stress Tz denoted by symbol Tnz|max'

T
nzImax

Can ~ %2z 2 2]k
_ E,____;____ )2 4 Tnz]*ﬁ (8-4)
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If the effect of the remote stress field (stresses described by terms of
-l

orders r higher than r é) is neglected, then, the stress intensity factor

K, is expressed by the following equation when isochromatics are measured

!
at a point (r, 8) very near the crack tip (r << crack dimension).

Bnr
K, =1 (8-5)
| nzlmax [sinze N COZ/FZ)}

If a sotid containing a blunt crack is subjected to a loading which introduces

1

either Mode Il aor both Mode |1 and Il crack surface displacements {such as

a surface flawed cylindrical bar subjected to pure torsion), the photoelastic
slices are taken in an n-z plane. The maximum shear stress Téz given by the
measured isochromatics is defined by equation (8-4). The stress intensity
factor Kl! is expressed by the following equation when isochromatics are

measured at a point very near the crack tip.

2rr
K, =1 (8-6)
H nz|max [l + (0.25@2/r2) - {p/r) coss - 0.75 sinzér
The Mode 111 stress intensity factor can be obtained from a stice taken in an
n-t plane. |f the solid containing a blunt or sharp crack is subjected to a
loading which introduces only Mode 111 crack surface displacement, K|Il is

given by the following equation when the isochromatics are measured near the

crack tip.
Tt V2my .
Ky = - (8-7)
sin(a/2)
As seen from equation (8-3), for pure Mode |11 crack surface displacement,
onn and Gtt are zero near the crack tip and hence the maximum shear stress Tnt
is the same as Tt given by equation (8-3a). |If the solid containing a blunt

crack is subjected to a loading which introduces both Mode Il and |11 crack

surface displacements, 9 and O, are not zero near the crack tip for Mode ||

(as seen from equations {8-2)}. Maximum Ty measured by isochromatics of the

slice in the n-t plane is given by the following equation.

- [( Cnn " e )2 4 Tntz]ﬁ (8-8)



As observed from equations (8-2) and (8-3), stresses near the crack tip Yen
and o, involve only Mode |1 stress intensity factor K, and 7_. involves
only Mede 11l stress intensity factor KIII' K{| can be determined from a
slice in the n-z plane with equation (&-6). Stress Oy in equation (8-2d)
involves Poisson's ratio, v. Poisson's ratio for epoxy at freezing tem-
perature is approximately 0.5. MWith equation (8-2d), eguation {8-8) can be

written as follows.,

- 1
_ e o faz g2, 2 [F (8-9)
nt|max L nt
Klli can then be obtained with the following equations {B-10) and (B-11).
(2 )Li 2 Yan  “zz 2 s ‘
Ky = — ﬁTnt'max) - (- - =) ] (8-10)
sin{6/2) ' b
“an T 92z .2 KIl2 —Sin E—(] + cos & cos iﬁ-) - £ s5in 28 ? (8-11)
()" = — 2" 2 2 2r Z
4 8rr
In derivations of the above equations relating Kl, KII and KIII to the measured

maximum shear stresses, nonsingular terms in stress eguations (8-1) to (8-3)
are not included. However, the remote stress field containing nonsingular
constant terms does have an influence on the fringe pattern (maximum shear

(52,54,58,65)

stress Tnz) of Mode | loading conditions As it happens, the

remote stress field does not influence the fringe patterns giving maximum shear
stresses T __ and L for Mode Il and Mode 11 Ioadings(58’65’66’67). An
estimate of the influence of the remote stresses on the determination of KI car

be made as follows.

(52) (51)

lrwin , in a discussion of the photoelastic analysis of a running crack ;
developed a technique for the calculation of KI from isochromatic patterns of

a sharp crack {p = 0). This technique invelved superposing the remote stress
parameter -o_ to the stress equation of o given by equation (8-1). o, repre-
sented the applied stress % n paraltlel to the crack at the boundary. a is
equal to o for an infinite plate with a through crack subjected to uniaxial

tension o. The maximum shear stress is related to the stress intensity factor
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K, and o_ by the following equation for a sharp crack (p = 0).

{
K, L
=L ( sinb + o sin 19-)2 + 2 cos2 30 (8-12)
2 Vo o) 2 o] 2

T
nz|max

lrwin also pointed ocut that a second relation can be obtained to solve for
the two constants (K; and ¢_) by noticing that &t l /38 = 0 at the tip
o] nz | max

of each isochromatic loop. However, this method is very sersitive to the

51 - . . .
accuracy of measurement(5 ) and additionally requires the isochromatic loops

which were not obtained in the point by point experimental procedure used here.

(54)

Following the work of Bradley and Kobayashi » O, Was taken the same as
gross applied tensile stress to the specimen in analyses of photoelastic test
data involving Mode | locading. Equation (8-12) has only one unknown constant,
K, .

8.2 TEST PROGRAM AND EXPERIMENTAL PROCEDURES
8.2.1 Test Program

Seven round specimens of 1.50 in. (38.1 mm) or 2.50 in. (3.5 mm) diameter
and 10.0 in. (254.0 wmm) length were machined from 3.0 in. (76.2 mm) diameter,
12.0 in. (304.8 mm) long bars of photoelastic cast epoxy PLM 4B. In specimens
number 1 to 6, surface notches of depth "a'' and length “'2c¢'', as shown in Fig-
ure B-4, were introduced by a circular cutter with notch root radius of less
than 0.001 in. (0.025 mm) and the included root angle of 30 degrees (0.52 rad).
A notch was used rather than a sharp crack because the crack would be blunted
during the thermal cycle and become a notch of varying root radii. Hence, a
notch with a predetermined root radius is preferable. As shown in Table 8-1,
Specimens 1 and 2 had a surface notch of depth a = 0.50 in. (12.7 mm) and
iength 2c = 1.65 in. (41.9 mm). Ratios a/2c and a/D for these specimens were
0.3 and 0.2, respectively. Specimens 3 and 4 had surface notches of depth
a=0.75 in. (189.1 mm) and 2¢c = 1.90 in. (48.3 mm). Ratios a/2c and a/D for
these specimens were 0.4 and 0.3, respectively. Speciméns 5 and & had surface
notches of depth a = £.30 in. (7.6 mm) and 2c = 1.00 in. (25.4 mm) with ratias
a/2c and a/D being 0.3 and 0.2, respectively., These flaw geometries were
identical to specimens 1 and 2, but the diameter was 1.50 in. {38.1 mm). The
purpose of these tests was to investigate whether nondimensional stress intensity

factors obtained from photoelastic tests for these two series of tests of
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different diameters are nearly the same or not. Fflaw shapes and geometries
{a/2c and a/D) in photoelastic specimens were nearly identical to those in
surface flawed cylindrical specimens of 2219—T87 aluminum and 6Al1-4Y BSTA
titanium (Section 7). Specimens 1, 3 and 5 were subjected to tensile loads
only. Thus, Specimens 1, 3 and 5 were subjected to opening mode (Mode 1)}
crack surface displacements only. Specimens 2, 4 and 6 were subjected to
torsion only. These specimens were subjected to sliding {(Mode Il) and tearing

{Mode 111} modes of crack surface displacements.

A half inch {12.7 mm) deep circumferential notch, with similtar notch root
radius and included angle as surface notched specimens, was machined in Spec-
imen 7. The diameter of the specimen at the notched section, d, was 1.80 in.
(38.1 mm) and d/D ratio was D.6 where D is the diameter of the specimen in the
unnotched section. This specimen was loaded in pure tension. A good approx-
imate stress intensity solution is available for this specimen. The purpose
of testing this specimen was to compare the stress intensity factor obtained
from the photoelastic technique of stress freezing and slicing with that given

by the approximate solution and to verify accuracy of the photoelastic method.
8.2.2 Experimental Procedures

Specimens 1, 3, 5 and 7 were subjected to small tensile loads and Specimens 2,
4 and 6 were subjected to small torgues, as shown in Table 8-1. All specimens
were dead weight loaded in a stress freezing oven as shown in Figure 8-5. Ends
of tension loaded'specimens were wrapped with Teflon strips and were pressed
into aluminum cups. Two end bolts in tension loadiﬁg were self-aligning. |In
torsion loading, ends of specimens were cemented to aluminum caps or a pulley.
In torsion loading, the upper end of the specimen was fixed stationary and

the lower end was permitted to deform along a plumbed rod. Torque was applied
through the pulley with dead weight, as shown in Figure B-5. For the torsian
loading, the dead weights of the lower half of the specimen and the attached
loading jig were counterbalanced by a load applied on the lower end of the
fixture. For every specimen a calibration specimen was prepared to determine
photoelastic material fringe constant. The loaded specimen along with the
calibration specimen were heated from room temperature to the critical tem-
perature of 225°F (380K) at the rate of 3.33°F {1.85K) per hour. The loaded

specimens were soaked at 225°F (3BOK) for 4 hours and then were cocled at 2.5°F
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{1.39K) per hour to room temperature. Upon removal of load at the end of
this thermal cycle, the specimen retains a frozen fringe pattern which is
identical to that produced by the same load at the critical temperature.
Moreover, this fringe pattern remains unaltered even when the model is sub-
jected to machining as long as over heating does not take place. Four thin
slices of approximately 0.0k in.(1.02 mm) nominal thickness were machined
perpendicular to the plane of the crack for each specimen except Specimen
number 7. Figure 8-6 shows the locations of the slices. For specimens sub-
Jected to torsion (2, 4, and 6), a subslice in the form of a rectangular
parallelopiped was prepared from each slice as shown in .Figure 8-6. For Spec-
imen 7 {round notched bar in tension), only one diametral slice perpendicular

to the plane of notch, was taken.

The notch root radius for each nz plane slice of tension loaded specimens
was measured with a micrograph. Typical micrographs for three slices in nz
planes for Specimen ! are shown in Figqure 8-7. These micrographs were taken
with ordinary (nonpolarized light) at a magnification of 4OOX. Measured
notch root radii for each specimen are shown in Table 8-1. At the critical
temperature, the modulus of elasticity for the photoelastic material {epoxy)}
is quite small (around 3 ksi (20.7 MN/mZ)). Hence, as mentioned before and
as seen from Table 8-1, the applied freezing load or torque was kept quite
small to avoid plastic deformation. Since the apnlied load was small and
the slices were thin, the resultant photoelastic fringe orders were low. A
precision polariscope having a parallel light field and polarizing prisms in
combination with a sensitive photometer was used td detect the change of
tight intensity from point to point in the fringe pattern. Senarmont's
principle of compensation in combination with a photometer was used to deter-

mine the fractional fringe order at selected points of the slice.

8.3 RESULTS AND DISCUSSION

8.3.1 Circumferentially Notched Round Bar {Specimen 7)

A slice of 0.039 in. (0.976 mm) thickness passing through the center of the
bar and perpendicular to the notch plane was taken for the circumferentially
notched round bar (Specimen 7) in tension. Figure 8-8 shows measured fringe

orders at various locations of n and z from the notch tip. As seen from
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Figure 8-8, the highest fringe order was 0.361. From the calibration spec-
imen and the thickness of the slice, the model fringe constant was determined
as 25.0 psi (B.172 MN/mz) per fringe order. The maximum shear stress in the
plane of a slice at any point is then determined by the product of the model
fringe constant and the fringe order at that point. The relationship hetween
this maximum shear stress in the slice plane and the stress intensity factor
for a blunt crack is described by equation (8-5) where the effect of the
remote stress field {constant term in equation (8-1)) was not taken into
account. Utilizing eguation {8-5) and fringe order data given in Figure 8-8,
stress intensity factors KI were calculated for 3 values of notch root radii,
o, and are shown in Figure 8-3 to-8~11. [In Figure 8-9, o was assumed the
same as the measured p of 0.002 in. (0.051 mm). For calculations of KI’ o
was assumed as 0.001 in. (0.025 mm) and ¢ = 0.0 in. (0.0 mn) in Figures 8-10
and 8-11, resnectively. Average values of KF were 7.18, 7.12 and £.99 asivin
(7.80, 7.82 and 7.68 Kﬂ/m3/2) for the notch root radii of 0.002, 0.001 and
0.0 in. {0.051, D.025, 0.0 mm), respectively. These results indicate that
notch root radius over this range has a negligible effect on the value of Ki'
Since noteh root radii for surface flawed cylindrical specimens were smaller
than 0.001 in. {(0.025 mm) the notch root radii were assumed as 0.0 for the
calculations of stress intensity factors. Results of KI in Fiqures 8-9 to
8-11 show that KI does not vary much from one point to another point. The

maximum range of K , in these figures is less than I8 percent of the average
! 9 . :

stress intensity factor.

!
Based on approximate analyses of Paris and Sih(33), Harris(}s) and Bueckner(h7),
the stress intensity factor for this specimen and applied load is 5.68, 5.73
and 6.10 psivin {6.25, £.30, and 6.71 kN/mS/z), respectively. It is seen

that the average Kl from photoelastic results (neglecting the effect of the
remote stress field) are about 25 percent higher than KI calculated from the

solution of Reference L8,

As mentioned before, the notch root radius was taken as zero in all of the’
Asubsequent calculations of stress intensity Factors.(Kl and KII). Equation
8-12 which includes the effect of remote stress field, was used to obtain
stress intensity factars KI {shown in figure 8-12) at various points from

photoelastic data of Figure 5-8. As seen from Figure g8-12, K, varies siagnificantly
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from point to point. From equation {8-5) and eguation (£-12) isochromatic

d i = ® .
nz’max) are expected to be maximum at & = 90° (1.57 rad),

i.e., along the n = 0 line. Thus, measurements of isochromatic fringe

fringe orders (n

order would be Teast sensitive to measurement errors in n and z when
measurements are made along the z axis. As seen from Figure 8-8, the fringe
orders measured were very smalt and small errors in measurement could intro-
duce significant errors in value of stress intensity factors. As expected
from the above discussion, the least scatter in stress intensity factor
existed along the line of n = 0.01 in. (0.25 mm). As seen from Figure 8-12,

the maximum percentage difference between any individual value of K, along

n=10.01 in. (0.254 mm) and the average value of K, was less than 10 percent.

For n » 0.01 in. (0.25 mm), the stress intensity v;ries significantly. This
behavior was also observed for every slice taken from tension loaded surface
flawed cylindrical specimens. Hence, the calculations of stress intensity
factor KF’ from photoelastic data, were carried out only for n = 0.01 in.
{0.25 mm) hereafter. The average value of the stress intensity factor along
n= 0.0t in. (0.254 mm) is 5.79 psivin. (6.37 kN/m3/2) which compares very

well with the calculated value of 5.73 psivin (6.30 kN/m3/2).

From the above results, it seemed that KI calculated along the n = 0.0% in.
(0.25 mm) line from equation (8-12) (which included effects of remote stresses)
was preferable to Kl calculated from equation (8-5) {which was based on singular
stresses only). Hence, in the subsequent analyses of data of tension loaded
surface flawed cylindrical specimens, stress intensity factors were calculated

only with equation (8-12).
8.3.2 Tension Loaded Surface Flawed Cylindrical Specimens

Four slices of thickness ranging from 0.024 in. (0.61 mm) to 0.041 in. (1.04
mm) were taken at the locations shown in Fiqure 8-6 for each of the surface

flawed 6ylindrical bars subjected to tension loading. Slice 1-2 in Specimen

H P TN |
Fringe © i Mmeasures

iOus

m

1 and Specimen 3 broke while machinin

olke chining. rd

S Were at va
locations of n, z from the notch tip and they are shown in Appendix A in
Figures A-1 through A-10 for Specimens 1, 3 and 5. Figures A~1 through A-10
also show slice location, slice thickness and model fringe constant. Equation

(8-12) was used to calculate stress intensity Factors along n = 0.0} in.
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(0.25 mm} assuming notch root radius p was zero. The individual stress
intensity factor at any peint along n = 0.01 in. (0.25 mm) for any given
location on the flaw (a given slice} did not differ more than +8 percent
from the average value of stress intensity factors at that location. Hence,
the average value of KI at each locatlion s shown in Table B-2 for Specimens
1, 3 and 5.

for the specimen flaw confiqurations tested, results in Table 8-2 show that
the stress intensity factor KI is maximum at the maximum depth of the flaw
(location I-4 in Figure B-6) and is minimum at the intersection of the flaw

periphery {location 1-1 in Fiqure 8-6) and the specimen surface.

Stress intensity factors K| obtained from the photoelastic data at various
locatTons of the flaw periphery were nondimensionalized by the stress

intensity factor K given by each of the following three equations.

K = Yova (8-13)
K=1.950/a (8-14)
K= 1.95 5/a/0 {8-15)

where o is the gross tensile stress applied to the cylindrical specimen,a and

2¢ are the flaw depth and the flaw length of the specimen {Figure 8-4). Q is
related to a/2c and G/GYS = 0 as given by equation (2-1). Equation {8-13)
represents the stress intensity factor for an edge cracked specimen with crack
length of a and ¢rack length to specimen width ratio given by a/b. The re-
lationship between Y and a/D is given in Reference 47. Similar to an edge
cracked specimen of finite width subjected to uniform tension, the surface
flawed cylindrical specimen loaded in tension also experiences considerable
bending due to asymmetric cross-section at the flaw plane. It can be shown that
the ratio of the area occupied by the surface crack to gross area of the spec-
imen cross section (nszh) is less than the ratio a/D for the flaw configurations

considered in Table 8-2. Inferring from the above, K at the maximum depth

|
for the surface flawed cylindrical specimen should be less than K given by
equation (8-13). Thus, equation (8-13) would represent the upper bound of the
stress intensity solution for a surface crack in a cylindrical specimen.

K, given by equation (8-14) is the stress intensity factor for an edge crack
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of length a in a semi-infinite plate. The lower bound of the stress intens-
ity solution for the surface flawed cylindrical specimen can be represented
by the stress intensity factor for a surface crack in a plate of thickness

D. The stress intensity factor for a surface flaw in a plate for a/D < 0.5

is given by eguation (8—15){

Results of nondimensionalized stress intensity factors for location 1-h
(maximum crack depth)} in Table 8-2 show that eguations {8-13) and (8-15)}
reoresent upper and lTower bound solutions for stress intensity factors for

a surface flawed cylindrical specimen in tension.

Specimen 1 and § in Table 8-2 have the same flaw geometry, hence, nondimension-
alized stress intensity factors obtained from photoelastic tests, ideally,
should be the same. However, as seen from Table 8-2, nondimensionalized stress
intensity factors for these two specimens at the same locaticon of I-1, 1-3
or |-4 (same value of angle & in Figure 8-6) differ as much as 18 percent.

This difference has to be due to experimental inaccuracies and scatter.

Table B-2 also shows the ratios of stress intensity factor at surface Kl[l—}

(location 1-1) to that at maximum crack depth K -l (Location 1-4). It is

|
known that for an embedded elliptical crack in ;n'infinite solid with the
ratio of semi-minor to major axis as a/2c, the ratio of stress intensity
factor at the semi-major axis to that at the semi-minor axis is given by

Ya/c. Table 8-2 shows that the ratio (KI‘I-l/K!}!-ﬁ is approximately equal

to or less than va/c. The surface flaw in these specimens were part circular

instead of semi-elliptical.

8.3.3 Surface Flawed Cylindrical Specimen in Torsion

8.3.3.1 Sliding Mode Stress Intensity Factor, K||

Four slices of thickness ranging from 0.025 in. {0.63 mm) to 0.040 in. (1.02
mm) were taken in nz planes at the locations shown in Figure 8-6 for each of
the surface flawed cylindrical bars (Specimens 2, 4 and 6) subjected to pure
torsion loading. Measured fringe orders at various locations of n, z in these
stices are shown in Figure A-11 through A-21. Figures A-11 through A-21 also
show slice location, slice thickness and fringe constant. From these measured

maximum shear stresses, T.p» at various points (n, z) in a slice, sliding mode
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stress intensity factors K,, were computed according to equation (8-6) where

I
the notch root radius p was assumed as 0.001 in. {0.025 mm) or zero. The
variation between computed KH at any point in the slice and the average KII

(arithmetic average of K,, at all points in the slice} for the slice (location)

was less than +10 percen:IoF the average Kfl' Hence Kli values computed at

all points in a slice were used to calculate the average Kll at the location

of the slice for the specimen. The average KII computed for p equal to zero

at any location compared within one to three percent with the average Kil
computed for p = 0.001 in, (0.025 mm} at the same location. Average values

of computed K, at locations 1=, I-2, 1-3 and {-4 (Figure 8-6) are given in
Table 8-3 for Specimens 2, 4 and 6. Table 8-3 also shows the maximum gross Shea

stress ¢ {1 = 16T/w03) applied to each of the above specimens.

Results in Table 8-3 show that K, , at maximum depth (location I-4 in Figure

[
8-6) is less than eight percent of Ky at the intersection of flaw and spec-

imen peripheries (location i-1 in Figure 8-6). Results also show that for
a surface flaw cylindrical specimen subjected to pure torsion, KI! is min-
imum at maximum flaw depth and Kil increases along the periphery. KIr is

maximum at the flaw periphery near free surface of the specimen. Similar
results are expected from intuition as well as the results of Kassir and Sih(h9)
for an embedded elliptical crack subjected to uniform shear stress.

Stress intensity factors at the surface of the specimen KII -1 2re nondimen-
sionalized by the factor tvab in Table 8-3. These nondimensionalized stress
intensity factors for Specimens 2 and 6 are 0.80 and 0.67, respectively. Spec-
imens 2 and 6 have similar specimen-flaw configurations. The nondimensionalized
stress intensity factors at the surface for Specimens 2 and 6 differ by 16
percent. Once again, this difference has to be attributed to scatter, exper-

imental inaccuracies and inaccuracies in the photoelastic test analysis.

The solution for the stress intensity factor of an embedded elliptical crack
subjected to uniform shear 1 shows that Kyy values at the major and minor
diameters of the ellipse (KI|’2c and Kllla) are given by the following equa-

tions, respectively. ({Figures h(a) and 4(d) of Reference 49.)
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K||‘2c = 0.78 t/ma 0.25 < a/2c < 0.50 (8-16)

i}
L4

s 0 < a/2c < 0.50 (8-17)
Stress intensity factors giﬁen by equations {8-16) and (8-17) compare very
well with computed sliding stress intensity factors Kll||~] and KII|I—4
Table 8~3}. The effect of linearly varying shear applied on the crack sur-
face Ts to reduce K , given by equation (B-16). The effect of the free sur-
face near the flaw is to increase K, . given by equation (8-16). These two

11
opposite effects seem to balance each other for the flaw configurations tested.

From the experimental results and for the range of flaw variables (0.3 < a/2c < 0.4
0.2 < a/b < 0.3), and within experimental accuracy, the stress intensity factor

KII at the surface {Location I-1 in Figure 8-6) can then be estimated by equa-

tion (8-16) with little error. Also, from experimental results, Kll at maxi-

mum depth (Location I-4 in Fiqure 8-6) can be estimated by the following equa-

tion.

-~
|

= 0.05 Ky g

0.04 tv/ra (8-18)}

8.3.3.2 Tearing Mode Stress lntensity Factor Kin

For Specimens 2, 4 and 6 loaded in pure torsion, a subslice in the form of a
rectangular parallelopiped was prepared for each of the n-z plane slices, as
shown in Figure 8-6. Rectangular subslices were taken at z = 0.02 in. (0.5]
mm) away from the notch plane. Measured maximum shear stresses Tht at various
locations of distance n are given in Table A-1 for these subslices.

Equations {8-10) and (8-11), along with already determined values of K| at the

location of the subslice (Table 8-3), were used to determine K at grid points

[l
of each subslice. Calculated Klli values varied significantly from point to

point in the subslices. Variation in calculated Klfl values at different points
on the same subslice was as much as over 100 percent. For locations of
n>0.015 in. {(0.38) mm), Klll calculated for some subslices at locations 1=1,

I-2 and |-3 gave imaginary values (numbers) of K As seen from equations

e
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(8-2), (8-3) and (8-9), the maximum shear stress L would be zero at z = 0.
Measurement errors in z {location of the subslice) would significantly
Computations for K were carried out for some

It il
cases assuming z = 0.01 in. (0.25 mm). It was found that the effect of

change the values of K

changing z = 0.02 in. (0.51 mml to z = 0.0! in. (0.25 mm) was to decrease

K at the same location from K for z = 0.02 in. (0.5]1 mm) by as much as

I il
50 percent at slice location I-1 (Figure 8-6). However, Klil for the assumed
value of z = 0.01 in. (0.25 mm) was generally higher than K“| at the same

location for z = 0.02 in. {0.51 mm) for subslice location I-4 (Figure 8-6).

Also, for the assumed value of z = 0.01 in. (0.25 mm), values of KIII were
real numbers for all locations computed.

Since KIII was quite sensitive to values of z and since values of K“1 at
some locations were imaginary numbers, values of K are not shown. Basic

(N
data is presented in Table A-}.

8.4 CONCLUSIONS

Results of photoelastic tests showed that for surface flawed cylindrical spec-
imens tested in tension loading, Kl is maximum at the maximum flaw depth.

KI then gradually decreases along the crack periphery and is minimum at the
intersection of the flaw periphery and the specimen boundary. Results also
showed that KI at maximum depth for this case can be bounded by stress
intensity factor solutions for a single edge crack in a plate (equation (8-13))
and a surface flaw in a plate {equation (8-15)). For a/D = 0.2, K, at the
maximum depth calculated by equation {8-15) underestimates the measured KI

by approximately 15 percent. For a/D = 0.3, KI at the maximum depth calculated

by equation (8-13) overestimates the measured Kr by approximately 14 percent.

Results of photoelastic tests showed that for surface flawed cylindrical
specimens tested under pure torsion, KII is minimum at the maximum flaw depth
and is maximum at the intersection of the flaw periphery and the specimen
boundary. Values of KII at the latter location is approximately 5 percent of
KII at the former location. KII at the intersection of the flaw periphery and
the specimen boundary can be calculated by equation (8-16) within an accuracy

cof about 10 percent for these specimen flaw configurations.
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Figure 6-12: Normalized Stress In tensity Factors for @ Tension Plate with Initially Slanted Crack,

&= 45 Degrees (0.79 Rad)
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Figure 6-16:

Fatigue Crack Grown Under Rotating Bending Fatigue From A Circumferential
V-Notch in 4340 Steel
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Figure 6-23: Fracture Surfaces of Inclined Center Cracked Specimens of 4340 Steel Subjected to Combined Modes ! and I1.
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Using Equation {8-12}
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Table 3-1: Chemical Composition of Materials Tested

ELEMENT 2219-T87 ALUMINUM 5Al1-2.5 SN BAI-4V 4340
(% BY WEIGHT PLATE (ELD TITANIUM | TiTANIUM STEEL
EXCEPT AS (SPECIFICATION LIMITS) PLATE HEAT NO. HEAT NO.
NOTED} HEAT NO. G-17681-1E | SP4118
MINIMUM MAX IMUM 29321 _ |
COPPER 5.80 6.80 = — -
SILICON - 0.20 - - 0.33
MANGANESE 0.20 0.40 - - 0.74
MAGNESIUM - 0.02 0.01 - -
CHROMIUM - - - - 0.85
ZING - 0.10 - - -
VANADIUM 0.05 ‘ 0.15 - 4.3 -
TIN - - 250 — -
CARBON - - 0.02 0.03 0.38
NITROGEN - - 70 PPM 0.012 -
OXYGEN - - 940 PPM 0.14 -
HYDROGEN - - 94 PPM 0.0026 -
ZIRCONIUM 0.10 0.25 - ~ -
PHOSPHOROUS - - —_ - 0.010
SULPHUR - - - - 0.012
NICKEL - - - - 1.95
MOLYBDENUM —_ - - ~ 0.23
IRON - 0.30 0.19 0.23 BALANCE
TITANIUM 0.10 0.20 BALANCE BALANCE -
ALUMINUM BALANCE BALANCE 5.10 6.5 -
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Table 3-2: Mechanical Properties of Titanium Alloys

PLATE TEST LOADING ULTIMATE 0.2% OFFSET PERCENT PERCENT
Loy THICKNESS | TEMPERATURE |DIRECTION TENSILE YEILD ELONGATION | REDUCTION
- N DEG. F L=LONGITUDINAL i‘;l?ENGTH iTRENGTH IN 2.0 IN. IN
T-TRANSVERSE sl GAGE LENGTH| AREA
mm) (DEG. K) (MN/m?2) (MN/m2)
—_ _——_'__"-—-T_
-320 L 176 173 3
| 0.80 (78) (1214) (1193) o
5AI-2.5 5n (ELI) (20.3)
TITANIUM -423 201 187 2 _
{20) L (1386} (1289)
186 174 .
72 L (1282) (1200) 16
6A -4V (STA) (285) T 163 149 2
(1124) (1027) 18
0.375 . 260 250 3
TITANIUM {9.5) -320 {1793} (1724) : 15
(78) , 237 721 "
(1634) (1524) 15
290 277 ) —
-423 L {2000 (1910)
(20) - 760
{1855} - - —
173 156 .
72 L {1193) {1076) 7
BA1-4V (295) 172 165
T (1186) {1068) N 9
BETA-ANNEALED 0.375 . 247 24 R
{9.5) -320 {1703) {1544) 4
(STA) (78) 545 706 3
o T {1689} {1558) 4
TITANIUM ] 284 269 5 _
423 {1958) {1855)
{20) - 276 261 3
{1903) {1800} —
BA1-4V 159 146 g
BETA-ANNEALED (1505 2 72 L (1096) {1007) 9
{STA) TITANIUM ' {295) T 162 146 5
(1117) {(1007) 9
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Table 3-3: Mechanical Properties of 4340 Steel Plate

LOADING ULTIMATE | 0.2%OFFSET | PERCENT PERCENT
PLATE TEST DIRECTION [ S NoE YIELD ELONGATION | REDUCTION
THICKNESS [TEMPERATURH o2 = 3 20 N
IN. DEG. F KSI KSI KSI {50.8 mm) AREA
(mm) (DEG. K} {(MN/m?) (MN/m2) (MN/m2) GAGE
LENGTH
";7
79 L 277 212 0 w
1462)
(295) {1910) (
T 274 216 1 40
1.0 {1889) (1489)
(25.4)
’ L 294 225 5 .
-200 {2027) {1651)
(144) T 210 , 1
- (1448)




861

Table 3-4: Mechanical Properties of 2219-T87 Aluminum Plate

PLATE TEST LOADING ULTIMATE 0.2% OFFSET PERCENT PERCENT
THICKNESS TEMPERATURE | DIRECTION TENSILE YIELD ELONGATION | REDUCTION
IN DEG. F L=LONGITUDINAL | STRENGTH STRENGTH IN 2.0 IN. IN AREA
(mm) (DEG. K) T=TRANSVERSE | KSI Ksl {50.8 mm)
' {MN/m2) (MN/m2) GAGE LENGTH
68 65 3
72 - (469) (379 ’ i
(295) - %5 = - -
{476) {386)
1.0 83 65
(25.4) -320 L (572) ) 13 22
{78) T a6 66 - "
(593) {455)
97 67 _
-423 L - o 15
(20 T 100 69 11 13
(620) {476)
69 57 1
2-50 72 L (476) (393) 2 i
(63.5) {295) - 5 o - —
(476) (379)
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Table 4-1: Test Program for 5A1-2-5 Sp (EL1) Titanium Surface Flawed Sp

Tension Stresses at -320F (78 K)

ecimens Loaded to Fracture in Combined Bending and

SPECIMEN

CONFIGURATION

+P

al2c t e alt NO. OF
IN. {mm) IN. (mm) TESTS
-_h_—_—'—'—" "==L
0.3 2
0.375
0.00
(9.5)
0.4 2
0.3 2
0.25 0.045
{1.14)
0.5 2
0.28
(7.1}
0.3 2
0.090
{2.29)
05 2
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Table 4-2: Test Program for 5A1-2.5 Sn (ELI) Titanium Surface Flawed Specimens Loaded to Fracture
in Pure Bending at ~-423F (20 K)

P/2

P/2
—»

SPECIMEN

CONFIGURATION

_—

¢

al2c

0.25

t
ajt NO. OF TEST
IN. (mm} 0-OF S
e

0.2 2
0.3 2

0.7%

(19.1)
0.4 2
0.5 2
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Table 4-3: Static Fracture Toughness Data For 5A1-2,5 Sn (EL{) Titanium at ~320F (78 K)

SPECIMEN | SPECIMEN SPECIMEN | FLAW DEPTH | FLAW LENGTH| FRACTURE | FRACTURE
THICKNESS WIDTH STRESS TOUGHNESS
IDENTIFI - a 2
CATION ! W ' a, KSl KiE
KSI 4/IN,
IN (mm} IN (mm} EN (mm) IN (mm) (MN/m?2} (MN/m3/2)
STSENT 0.369 2.001 0.108 0.480 149.4 84.1
(9.37) (50.8) (2.74) (12.2) (1030) (92.4)
_ 0378 2.002 0.105 0.455 1482 81.6
2TSFN2 (9.60) (50.8) (2.67) (11.6) (1022) (89.7)
0.378 2,500 0.159 0.707 119.3 81.0
2TSFN3 - : '
TS (9.60) (63.5) (4.04) (18.0) (823) (89.0)
0373 2.503 0.158 0.718 130.2 89.5
2TSFN4 (9.47) {63.6) {4.01) (18.2) (898} {98.4)
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Tabie 4-4: Test Resufts for 5AI-2.5 Sn (ELI) Titanium Surface Flawed Specimens Subjected to Combined Bending and Tension
Strasses at ~320F (78 K)

SPECIMEN FLAW SIZE RESULTS
conric— | ipengi. [HCKNEsS wiTh | OFFseT [ peetH | LenaTH | FAILURE | FaILURE [EsTimaTen] Touan
LOAD | TENSILE |FAILURE | nEss Kgr
URATION FICATION t W e. a 2c _ 5
KIPS STRESS |BENDING
0T ks | STRESS, [KsiVIN
IN. (mm} { IN. (mm} | IN. (mm} | IN. {mm} [ IN. {mm) (MN) . U5 KSf
(MN/m2) } (MN/m2) | IMN/m3/2)
— 1
F - e ——
* 2TCEN1 0.278 2.503 0.090 0.083 0.340 118.4 170.0 30.5 84 1
'—‘ (7.08) (63.6) (2.29) (2.11) {8.5) (0.527) (1172) (210) (103.4)
0.281 2,507 0.080 0.080 0.333 119.5 169.5 30.5 92.9
|t} ZTCBNG 1 7a4) | 637) (2.20) (2.03) (8.5) o532 | (1169) 2o | o)
0.253 2.506 0.072 0.081 0.340 105.3 166.1 251 88.9
aTene (6.43) (63.7) (1.83) (2.08) (8.6) {0.469) (1145) (173) (98.8)
2TCRNE 0.280 2.507) 0.040 0.080 0.335 116.8 166.8 15,5 86.1
t {7.11) (63.7) {1.02) {2.03) {8.5) {0.520) (1150) {107) (94.61
€ g 9TCBN3 0.280 2,503 0.097 0.133 1.560 75.2 107.5 32.6 773
(7.11) {63.6) {2.46) (3.38) (14.2) (0.335) (741) (225) (865.0)
2TCBNS 0.278 2.502 0.093 0.127 0.555 73.1 105.0 315 74.4
(7.06) (63.6) {2.36) {3.23) (14.1) (0.325} (724) (217) {81.8)
2TCBN4 0.281 2.500 0.044 0.141 0.560 100.0 142.4 16.7 96.2
(7.14) {63.5) (1.12} (3.58) (14.2) (0.445) (982) (115) (105.7)
* P {7.14) (63.7) (1.35) (3.30} {14.1) {0.367) {806) {134) {85.9)
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Table 4-5: Test Results For 8A1-2.5 Sn (ELI) Titanium §'urface Flawed Specimens Subjected to Pure Bending at -423F (20 K}

SPECIMEN FLAW SIZE RESULTS
MAX IMUM K
IDENTIFI~| THICKNESS |  wiDTH DEPTH LENGTH |MOMENT AT SE“TERNE[;;N; er
IN, {(mm) IN {mm) IN {mm) IN. {mm) IN_LBé %8
WOULEY s mnm2) | (Mn/m372)

] 0.750 3.002 0.123 0.575 45,600 162.3 84.7
ZTPBH- (19.1) (76.3) (3.12) (14.6) (5150) {1119) (93.1)

0.753 3.003 0.125 0.565 47,175 166.2 86.5
o2 '—‘_ 2TPBH-2 (19.1) (76.3) (3.18) (14.4) {5330} (1146) (95.1)

—» 0.744 3.001 0.200 0.885 37,050 133.8 75.4
2TPBH-3 | (15.9) (76.2) (5.08) (22.0) (4190) (923) (82.9)

0.750 3.003 0.205 0.865 39,225 139.3 78.7
_ 2TPBH-4 | (19) (76.3) (5.21) (22.0) (4430) (960) (86.5)

a®

0.751 3.498 0.280 1.150 42,750 130.0 74.2
2TPBH-5H {19.1} (88.9) (7.11) {29.2) {4830) (896} {81.5)

P2 0.750 3.500 0.280 1,160 41,925 127.8 73.1
. 2TPBH-6 (19.1) (88.9) (7.11) {29.5) {4740) {881} {80.3)
[ 0.751 3.500 0.348 1.470 36,940 112.6 63.2%
2TPBH-7 1 (1g.1) (88.9) (8.84) (37.3) (4170) (776) (69.5)
0.750 3.500 0.347 1.450 36,150 110.2 62.1
2TPBH-8 (19.1) (88.9) (8.81) 136.8) {4080) (760) (68.2)

*W/2c =24 INADEQUATE WIDTH
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Table 5-1: Test Program For Proof Test Temperature Effects on 2219-T87 Aluminum

PROOF LOAD APPLIED AT STATIC FRACTURE AT CYCLIC FRACTURE AT
SPECIMEN
NUMBER 72F -320F -423F 72F -320F ~423F 72F -320F -423F REMARKS
{295K) {78K) {20K) {295K) {78K) (20K} {295K) (78K) {20K)

N — R R N . — _—
6A-18 X FOR FRACTURE TOUGHNESS
6A-1 P2 X
6A-4 P1 P2 X EFFECTS OF
B8A-7 P3 X
BA-10 P1 P3 " PROOF LOAD |
6A-13 P1 X TEMPERATURES ON
6A-16 P1 P2 X
6A-~19 P1 X FRACTURE TOUGHNESS
BA-22 P1 P3 X
6A-2 P2 (o] EFFECTS OF PROOF LOAD
6A-3 _ P2 c2 TEMPERATURES ON
BA-5 P1 P2 c1 CYCLIC LIFE AT
BA-25 P1 P2 c2 72F (295K}
6A-6 P c2
6A-8 P3 Ct EFFECTS OF PROOF LOAD
6A-9 P3 c2 TEMPERATURES ON
6A-11 Pt P3 c1 CYCLIC LIFE AT
6A~12 P1 P3 c2 72F (295K)
6A-14 P1 c3 EFFECTS OF PROOF LOAD
6A-15 P1 c4 TEMPERATURES ON
6A-17 P1 P2 C3 CYCLIC LIFE AT
G6A-26 P1 P2 ca -320F (78K)
6A-20 P1 c5 EFFECTS OF PROOF LOAD
6A-21 P1 C6 TEMPERATURES ON
6A-23 P1 P3 C5 CYCLIC LIFE AT
BA-24 P1 P3 Cé ~423F (20K)
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Table 5-2: Test Program For Proof Test Temperature Effects on 6AI-4V BSTA Titanium

PROOF LOAD APPLIED AT

STATIC FRACTURE

CYCLIC CONDITIONS AT

SPECIMEN REMARKS
NUMBER 72F -320F -423F -320F ~423F 72F ~-320F -423F
(29BK) {78K) {20K) (78K) {20K) (295K) {78K) (20K)
6T-1 1
6T-2 c2 BASELINE
6T~33 c2
o3 = CYCLIC DATA
6T-3A C3 WITHOUT ANY
6T-4 Ca
] P
BT-32 c4 ROOF LOAD
a5 o EFFECTS
6T-6 Ce
6T-7 o1 X EFFECT OF PROOF
6T-8 P1 P2 X “LOAD TEMPERATURES
6T-9 P1 X ON FRACTURE
6T-31 P P3 X TOUGHNESS
6T-11 P2
67T-12 P2 g12
6T-13 P1 P2 o1 EFFECTS OF
6T-14 P1 P2 o PROOF LOAD
TEMPERATURES
ON FLAW GROWTH
- : 1
6T-5 P3 CHARACTERISTICS AT
67-27 P3 o 72F (295K)
6T-28 P3 c2
6T-10 P1 P3 c1
6T-29 P1 P3 c2
6T-19 P2 Cc3 EFFECTS OF PROOF LOAD
6T-20 P2 Ca TEMPERATURES ON FLAW
6T-21 P1 P2 c3 GROWTH CHARACTERISTICS
6T-22 P1 P2 ca AT -320F {78K)
6T-23 P3 C5 EFFECTS OF PROOF LOAD
6T-24 P3 C6 TEMPERATURES ON FLAW
6T-25 Py Pa C5 | GROWTH CHARACTERISTICS
6T7-26 P1 P3 Cé AT -423F (20K}




FIGURE 5-3 PROOE TEST TEMPERATURE EFFECTS ON THE FLAW GROWTH CHARACTERISTICS OF 2219-T87 ALUMINUM
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Table 5-4: Fracture Toughness Data For 6A1-4V 8STA Titarivm

FATIGUE CRACK EXTENSION

FRACTURE TEST RESULTS
SPECIMEN AT ROOM TEMP,
L o — (':l_‘.
] ~ &N [
= ®@ o - © - L - Py )
e - - = ;= b= : T o -4 € £ 3
F . E > Q% Q= = = 5 ] W ool £ 0=
s | 8% |28 |f |52 |38 |Be |ge|g®| = |&§%:| T | £2
= E I~ = : Zz £ i =3 o 2 = =
= <= | Bz |3,z |2 | S |ef |3E| =50 2 28 = =
= OT ga s8s | 82 < = = oo = OQr — el OE
g | B2 [ Z® | xEC |8 |6x [ 32 || 3 2 55 8 | ¥ ke
= O — o - w = =1 = L [47] - a
o g E Q E -0 T D— Q 2
. ) | I S - -l —— |
3000 0.143 | 0.595 72 AIR 87.8 55.3
{3.63) | (15.1) {295) (605) (60.8) 56.0
5
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FIGURE 5-5

PROOF TEST TEMPERATURE EFFECTS ON THE FLAW GROWTH

CHARACTERISTICS OF 6AI-4v-8STA TITANIUM
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Table 6-1: Test Program for Evaluating Fffects of Combined Modes 111 Loading On Fracture in 4340 Stee/

TEST VARIABLES

SPECIMEN TEST CRACK
CONFIGURATION TEMP. TYPE » DEGREES NO. QF
P .
LOADING 2a/\W (RADIANS) TESTS
—_— . B
e — m
0
2
(0.0
-200F 25 9
E
FIGURE 6-3 tg;K) INCLINED UNIFORM 0.5 (0.44)
2 CENTER TENSION
ENVIRONMENT| CRACK 50
(0.87) 2
75
(1.31) 2
. THROUGH
ROOM PURE
. — —_ 2
FIGURE 6-4 TEMP ?SQEKED TORSION
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Table 6-2: Test Program for Evaluating Combined Mades 1111 Loading Effects On Fracture in 4340 Steef

s

TEST VARIABLES
SPECIMEN TEST CRACK
CONFIGURATION TEMP, TYPE
LOADING d/D KKy NO. OF
TESTS
TENSION 1:0 2
2:1 2
CIRCUMFER- | TENSION
FIGURE 65 72F ENTIAL AND 0.5 ~ 0.6
(295K} CRACK TORSION . . ,
1.2 2
TORSION 0:1 2




Table 6-3: Test Program for Evaluating Combined Modes 1-11-111 Loading Effects On Fracture in 4340 Stesf
With Surface Flawed Flat Specimens

TEST VARIABLES
SPECIMEN TEST CRACK
PE
CONFIGURATION TEMP. TY LOADING At a2 ¢ DEGREES NO. OF
(RADIANS) SPECIMENS
0
(0.0) 2
-200F SURFACE
{144K) FLAW IN c
25
FIGURE 6-6 GN2 AFLAT TENSION }0.5~06| 0.25 (0.44) 2
PLATE -
ENVIRONMENT
45 2
{0.79)
60
{1.05) 2
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Tahle 6-4:

Test Program for Evaluating Combined Modes 1-11-111 L oading Fffacts On Fracture in 4340 Steel

With Surface Flawed Round Specimens

SPECIMEN
CONFIGURATION

_

TEST VARIABLES

FIGURE &7

TEST CRACK
TEMP. TYPE CTENSION NO.OF
LOADING a/D a/2C TSHEAR TESTS
— —r—._ﬂ—.—.—.__
TENSION 1:0 3
1:1 2
. SURFACE | oo
FLAWIN | D 0.3 0.4
(295K) e | Torsion 1:2 2
1.3 2
TORSION 0:1 1
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Table b-5: Static Fracture Toughness Test Results for 4340 Steel for Various Crack Propagation Directions

SPECIMEN ENVIARONMENT w
= T L — ﬁ E..? E ..’-"E‘-
= [ o} ™
o O z < = & & E e o El ¢ E
= e Q B £ = = = E S Q g w B = o >
3 x o | & T 3|k CE g = > |28 o3| ©£8,8
= = I v E =z o) o o W ™ = D2 vl W w =~
= © ¥xgh o= e W 5% = = = o=z¥|;
[ = Ugu 2z g = u.é‘ 4z g™ Ra_ Qo T <IT o l=
& g xg < = W e o e X - ST wo oy =
a S S&a o oh o e 2ol >souwg
— © § . 1 - ¥ ¥ LE Y ¥
— ,——" -
3RSF-1 |SURFACE FLAW| ¢ 0.2510 | 1.8023 NI 0.123 0.482 124.7 715
FIG. 621 (6.38) (45.8) (3.12) (12.2) (860) (78.6)
0.138 0.490 125.3 737 72.2
3RSF-2 | SURFACE FLAW| s 0.2510 | 1.8029
2 516, 6.21 6.38) | (45.8) AIR 1 RT (3.51) (12.4) (864) (81.0) (79.3)
0.130 0.510 120.0 71.3
3RSF.5 |SURFACE FLAW[ | 0.2496 | 2.0089 .
° |FiG. 66 634 | (51.0 AIR 1 RT (3.30) (13.0) (827) (78.4)
3RCC.1 |CENTER CRACK| |t 0.2505 | 1.5011 — 0.760 59.8 77.3
“1 lFiG. 621 (6.36) | (38.1) AR | RT (19.3) (412) (85.0) 3.9
- 81.2)
3RcC.2 [CENTER CRACK| |7 0.2510 | 1.5005 0.770 534 705 (
FIG. 6-21 (6.38) (38.1) AlR | RT (19.6} (368) (77.5)
N 0.140 0.606 59.8 37.0
LSF-1 |SURFACE FLAW[ g 0.2480 | 2.0026 200
* FIG. 66 - ©30) | oo | N2 | (1aa) | (356 {15.4) (412) 140.7) 40.1
3LsF2 |SURFACE FLaw| g 0.2521 | 2.0020 A 4 0.140 0.590 70.2 432 {44.1)
FIG. 6-6 (6.40) (50.9) (3.56) {15.0) {484) (47.5)
3TSF.1 |SURFACE FLAW| g 0.2523 | 2.0032 0.136 0.595 65.3 29.9
‘ FIG. 66 (6.41) (50.9) (3.45) (16.1) (450) (43.9) 20.6
3TSF-2 |SURFACE FLAW TS 0.2446 2.0036 0.120 0.510 72.4 41.4 {44.6)
FIG. 66 (6.21) (50.9) {3.05) (13.0) 1499) (45.5)
sLcc1 {CENTER CRACK{ |t 02532 | 1.4957 — 0.748 33.0 425
- FIG. 6-3 (6.43) {38.0) v v {19.0) (228) (46.7) 416
" - 45.7)
3Lcc2 |CENTERCRACK| |+ 0.2560 | 1.5012 200 0.760 31.4 408 ‘
““2 16 6a 6500 | (38.9) GN2 | (124) (19.3) (217) (44.8)




Table 6-6: Static Fracture Test Data from Combined Mode I-11 Inclined Center Cracked Specimens of 4340 Steel

gLe

SPECIMEN PRECRACKING AT 72 F (205K} |FRACTURE TESTS & RESULTS AT-200 F(144K)
< <
= . L & P
- < | w T i = 5 w _ E ﬁ = £
7 Z 213 < |25 |2 & 5 LY 2 2 2
i id %= z g |2 9 R % | 348 ZE < & T = E> =
£ | fe | 2E |98 |3k F 22|38 |3T| £.T |ExE | G2t
s |85 By |Z3E|ucE (%83 S |28 |zl sz | ZcE | gk
=~ = IO E - x w W= w2 (5} L=z Qo= o u ow
4 I 2 z2Z Ser< | ggo |Zx= w = = <= gus o SY
T S92 | 2cd |3BY | E& [ 26 |55 | zE3 22 & 2z ¢
% L | —
0 425 0.0
0.253 | 1.500 0.50 0 26.0 o7 | 40000 | 748 33,
BLCC ) (643 | (381) | (127 (0.0) (172) : {19.0) (228) (:g-;l
' 31.4 . 0.0
0256 | 1.501 0 35,0 0s 34000 | 760 .
3LEC2 | g0 | (38.1) + {0.0) (241) : (19.3) (217) (::.si
. ) 2.8
0.256 | 1.497 25 25.0 0a 32,000 | 790 305 1
3LCC3 ) (650 | (38,0 a9 | (2 | & (17.8) (210 ‘j;-z’ (14.1
. 275 . 12.2
0.252 |- 1.498 25 30.0 03 25,000 | :760
3LEC4 1 (6400 | (3801 (044 | 207 ; e o (:;:) oy
382 : 19.7
0256 | 1.501 50 20.0 0zr | 38500 | B30
3LCC6 ) g0 | (38.1) (087 | (138 ‘ e o (:3? s
0.1 ) 35.0
0.254 1.500 75 20.0 0.27 40,000 790 [
LCCT | gam | cima) v aan | (38 : (20.1) (750} (1 ; .g} (38.4)
' : - 337
0266 | 1472 | 050 75 70.0 027 | 37,000 | 590 6.2
sices | e | fsra | (oo (141} (138) - (17.5) (704) (10.9) (36.9)
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Table B-7: Fracture

Testing of 4340 Steel Hollow Tubes Containing Through Cracks In Pure Torsion

FATIGUE CRACK EXTENSION

SPECIMEN
AT ROOM TEMPER AT RS FRACTURE TEST RESULTS
o & o T
z = i of & T 0 ;35 S
22 | o 4 — - w OE
o W =5 _ a2 = 5 E w = T mm @, S I
= Z2 e o=t ($2 |E%]| > 2E |5 & | -"~3 | e 4 | zx £ weo 2
g 22 E 5SE |og (=2| © uE |E s | <3 | <238 Gr== | Esu @
= = o =¥ ) - wss wr = N wie |
= Dw duwd | S < | © ¥ 5 ey g | 2F: 32 _22‘% =52
= w= 9 ROz R B e o= a5 == geq &g = HE s wzh
& |gE= @zl (kPGS e | £5 |3% |Gz g2 | 54z s 5z | ol -
° |E3$ [FE® |5 |77 | 3| S8 |F¢ k& |REZ | PRE 12353 |8Elg
=
= ————— — ——— — — —— |
0.903 0.706 20 0.280 72 9375 11,250 65.5 78,5
TUBE A AlR '
(22.9) (17.9) | (138 | 006 1430001 (740 | (295) (1060) | (1270) (72.0) (86.3)
0.900 0710 | 20 0.292 72 9200 11,250 67.5 824
TUBE B ' . ,
(22.9) (18.0) | (138) | 006 }34000) (742 [ 5 | AR | 60 | (13700 (74.2) (90.6)

iy

STy

>
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Table 6-8: Fracture Data From Combined Mode I-1l1 Tests of Round Notched Bar Specimens of 4340 Steel

SPECIMEN PRECRACKING AT 72 F {295K) FRACTURE RESULTS AT 72 F (295K)
o - h"4 > >
z | g 2~ 8 =182 |w S I
5 @ b= o << E E m eI WS
= w o |y R = 2 |g5 |5 E|SE|(S w e Z20E
< © O ‘—-(T)COZE gL < e = o, |luwuT |2 & & o .5 EE 2 el
o | Et |e EI2L0z(=3| B9 |EB |Pxz|3zZ|Rgs| pez | Sw8 | 253 | E2E
o w e wr ElWwoOs n L gu =0g g9 o= = o-s 2 g = @ T =
= = [E5Z|nees|d%| 30 [2Ue [Cd-|c=[889] 992 | 88a Pz O i
& =z UEJBE XEdal|lE = Z0 oo [XOF < E5<| xOm €Oz $|__ U"E_
a L= | <2 %L‘EE‘.:{ ) z%E % W ;g - I T LiEZ wh W< 3
N L - 265 |7 °f% e | EZ@
ﬁ s —
3rNB2 | 0.904 | 0.556 30.0 | 0.0 | 11,000 0466-“ 0.084 | 0.006 | 23,200 — 55.8 -
(23.00 | (14.1) (207). (11.8) | (2.13)| (0.15) {0.103) {61.3)
3RNB.10 | 0903 | 0.554 N 8,000 0.538 | 0.010 | 0.006 | ., 32,600 - 61.3 -
(22.9) | (141 (13.7) | (0.25)| (0.15) {0.145) (67.3)
3RNB-6 | 0901 [ 0.567 17,000 0535 | 0.024 | 0.006 | go75 | 22.000 2260 61.1 25.0
{22.9) (14.4) {13.6) | (0.61} | {0.15) {0.142) {255) (67.2) (27.5)
3RNB-11 | 9902 | 0.556 12,000 0524 | 0.030 | 0.002 | gg75 { 25,900 1895 51.1 22.1
: (22.9) (14.1) (13.3} | (0.78) | (0.08} {0.115) (214) (56.1} {(24.3)
3rNB.12 | 0902 | 0.552 9,000 0.524 | 0.024 [ 0004 [ g5 | 25,000 3585 49.7 418
‘ {229) | (14.0) (13.3) | (0.61)] (0.10) (0.111) {405) (54.6) (45.9)
3RNB-8 0.901 0.564 8,000 0.542 0.020 | 0.002 | g5 33,700 4770 62.3 51.2
(22.9) (14.3) (13.8) | (0.51) | (0.05) {0.150) (539) (68.4) (56.3)
3RNB-7 0.902 0.552 16,000 0812 | 0.032 | 0.008 0.30 16,600 4860 34.0 60.1
(229) | (14.0) . (13.00 | (0.81) | {0.20) (0.074) (549) (37.3) (66.0)
{22.9) (14.0) (13.5) | (0.30) | {0.15) {0.089) (610) {41.8) {66.3)
0.902 0.548 0510 | 0.030 | 0.008 _ 68.4
3RNB-5 6,000 0
(229) | (13.9) v (13.0) | (0.76) | (0.20) {7911
3RNB-3 | 001 | 0552 30.0 |ogos | soo0 | 0498 | 0.080 | 0.004| ¢ — 72.3
(22.9) | (14.0) (207) (12.8) | (1.27) | (0.10) {79.5)

@ STRESS INTENSITY FACTORS CALCULATED FROM

MIN DIAMETER AT CRACKED SECTION, d.

FATIGUE CRACK



Table 6-9: Fracture Data From Combined Mode I-11-111 Tests of 4340 Steel Flat Specimens Containing Inclined Surface Flaws

l2Z

SPECIMEN PRECRACKING AT 72 F {295K) FRACTURE TESTS & RESULTS AT -200 F (144K}
s| &
= w > N 3 > o —
= gt ol = Q T = 2 7] £ 5 < 7 E 7 1
= 5 2 = | 5 E - z = ® —E o £
< |8 [Z2¢| U |23|C |Er (8|9 < |E=<2 |82 |Ge2 | 225
2 w_ } £E l 5 5| T EE (Y= L o E= 2 Fx = - = = E:%
= SE|EE|egyl o [ S| BuW = 4= T o E £x = z . = Zw = Ev =2
= ¥E o= . @ w = E o= o =" z u'cn'Z - 1z =, A =¥ zX =
= E=-132 |Yeul Kz | w2 %_g Tz = @as %:1*‘ g.-% 33“‘% mml%
, - - o I - w = w
5 | FZ gdgl L2 |ES| 20 | |28 | 225 | 2< £ &L wh > | dk
= o - ~ = =@ = 9 - @
<=0 3] Oux wx ¥ Be © ny¥Y ¥ Eo 8
== === L L —ee
3LsF1 | 248} 2005 3 0 300 | 530 | mooo | O140 | 0805 59.8 37.0 0.0 25.4 00
@630 | 09 | 0o | 20n | © (3.56) | {15.4) (412) (40.6) : (27.9) :
0.252 | 2.002 0 'y 0.140 0.590 70.2 43.2 30.0
3LSF2 | (640 | (s00) | (o0} 030 | 7000 | 355 | (15.0 (484) {47.4) 0.0 (32.9) 0.0
0260 | 2003 | 25 0.144 0.590 75.6 38.3 14.4 27.0 15.2
se3 | @200 | 200 | e 023 | 21000 | o0 | 5o {521) (42.1) (15.8) (29.6) (16.6)
o | 0259 | 2003 | 26 0187 | 0.650 70.1 38.4 14.4 223 16.2
3LSF4 | g58) | (50.9) | (0.45) 020 1 2800 {475 | (165 (483) (42.1) 115.8) (245) (17.7)
0.254 | 2.002 a5 0,148 0.600 120.2 385 30.1 27.3 31.8
3SF5 | 545 | (s0.8) | «0.79) 015 | 1800 | @e | (52 (829) 42.3) (33.0) (30.0) (34.9)
0.254 | 1.998 45 0.142 pse0 | 1100 34.1 27.1 23.9 28,5
3LSF6 (645 | (508 | (0.79) 015 | 2000 | (3811 | (16.0) (758} (37.4) (297) (26.2) (31.3)
0258 [2.000 | 61 0.150* | 0.600* 157.0 232+ 331+ 16.4* 35.0
asry | 2258 12000 | ol 018 | 3000 | aon | (iga) (1083} (25.4) (36.3) (18.0} (38.4)
0.263 | 2001 | 60 30.0 0.150* | 0.600* 173.6 28.4* 37.7* 20.1* 40.0*
3LSF-8 | (543) | mogy | rrosm | izom | O [ 4000 f oo | usa2) {1197) (31.2) (41.4) (22.1) (44.0)

*FRACTURE DIiD NOT OCCUR ALONG THE FLAW PLANE.
FLAW DIMENSIONS ARE ESTIMATED.




Table 6-10: Test Results Obtained from Surface Flawed Cylindrical Spec.rmens of 4340 Steel Subjectsd
to Combined Tension and Torsion

(1A

SPECIMEN FATIGUE CRACK EXTENSION FRACTURE TEST PR ST R S SADJUSTED
AT ROOM TEMPERATURE RESULTS 2= 0.240 IN. (6.10 mm)
& w _ . -
' % = ﬁ |.9: L € E £ E’)NE NE ‘15-
il = o o E . =2 o - =
=Z CLE |skE §§ o E = : < wZ>3 ZOE g =
[l ®] w - S0 = w T o O o« wskEZE < =
< = o wE oZ| w w T L O w W [ BO = |xn—= = —
i w o 0o = -—
oF b2Z |x32 z |202| 38z |32 |85 | B> [2k2x (3853 ¢ 2
-0 |_u°_t""_ 435 EE QSX dg__ Jw g | wike EE TR W | = ew®
FOT |=5%] wd s lia& | Fa Loks | SETd " u
- 68.1
3RSFB-1 0.703 30.0 040 | 20 | 0.260 [ 0.545 65.4 —
1 79 | (209 660) | (138 | BT | AR (a51) {470)
3RsFg2 | G707 250 | 050 | 28 0465 1 0.645 A 336 - - -
(17.8) (172) {11.81) | {16.4) 4 {232)
0.703 e 0562 | 0.630 23.4 - - -
3RSFB-4 35
(17.9) 4 {14.27) | (16.0) {161)
3RSEB.11| 0701 51 |.0.220 | 0.550 - 149.1 — 428
(17.8) ‘ (6.59) | (14.0) (1028) {985)
0.701 0.192 0.530 77.5 60.3 60.3 62.0
3RSFB-7 3.0
(17.8) (4.88) (13.5) {534) (478) {478) {427)
67.4 714
3 {(17.8) ) {5.33) {13.5) {526) (465) {492} (434)
111.9 62.5
3RSFB-3 0.704 4.0 0.244 0.550 62.0 112.8
(17.9) (6.20) | (14.0) (427) {772) (431) (778}
0.703 0.222 0.555 ' 69.0 1125 T 66.4 108.2
3RSFB-6 3.0
(17.9) (6.64) | (14.1) {476) {776) (458} {746)
0.703 0.248 0.575 35.1 130.9 357 133.1
RSFB-5 4.5 .
3 (17.9) v v (6.30) (14.6) v (242) {903) (246) (918)
0.699 25.0 0.280 0.610 27.2 99.6 204 107.6
RSFB- 0.50 2.0
IRSFBB | 7m | (172 211y | t1s5 | BT | AR (188) (687) (203) (742)
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Table 7-1: Test Program for Static Fracture Specimens at Room Temperature Under Combined Tension and Shear Stresses

NUMBER OF STATIC FRACTURE TESTS IN

AND FLAW | FLAW FLAW TENSION
MATERIAL [ ANOFLAW | pepth,a {LENGTH. 2¢| 1ension | Tomaue et anl | TORQUE FiRsT| siMuLTANEOUS
IN.(mm} | IN. (mm) ALONE ALONE  |TIRSTAND | AnpFalLED | TENSION
RATION TORQUEDTO| |\ TENSION | AND TORSION
FRACTURE | . Nt

(11.2) (29.2) 1 4 ! -

2219-T87
FIGURE 7-1 0.30 0.98
ALUMINUM (7.6) {24.9)

0.26 0.75
(6.8) (19.0)

0.28 0.78

BAI-4V 3STA {7.1) (17.3)

TITANIUM FIGURE 7-3

0.19 0.61
{4.8) (15.5)

" APPLIED _
%:—__= —_——— —_— m
0.44 1.15 3
3
1
3
3
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Table 7.2: Test Program for -Cycf.r'c Shecimens at Room Temperature
Subjected to Combined Tension and Shear Stresses

SPECIMEN FLAW FLAW OTENSION NUMBER
MATERIAL AND FLAW DEPTH, a LENGTH, 2¢ _TSHEAR OF TESTS
CONFIGU - IN. {mm) IN. {mm)
RATION
| —————
: 3
0.29 0.95 :? 5
(7.4) {24.1) i
2219-T87 FIGURE 7-1 a:1 1
ALUMINUM 1:0 3
0.42 1.1 1:1 4
{10.7} (28.2) 0:1 9
: 3
0.19 0.50 ;? 2
ss7A {4.8) (12.7h 11 3
6Al-4V i X 0:1 1
TITANIUM FIGURE 7-4
1.0 3
0.28 0.70 21 2
(7.1 {17.8) 11 3
0:1 1
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Table 7-3: Results for Fracture Tests of 2219-T87 Aluminum Surface Flawed C viindrical Specimens Subjected
to Combined Tension and Torsion

SPECIMEN PRECRACKING AT ROOM TEMP. FRAE;LABE &EEIETMRPESULTS
A w z z
2 & e o & 2] > =
= |8z |56 25| S - 5 2 i
[SE L
Q 5w g 23] o * & 2 2 E oS ey
U wk = = e = we iy aE w W t ST w =
= “iw E OE 1,8 o 4 £ - g = W= = Wz
= E = E S o Z
= = E rZ [aTS =0 = E z E z3a 52 € o
g Og (W = D> < = = 2= o5 =
e w = 2|l 5| 20 &4 Z S 0 Ja<s aes
< Fe= 1 25 (58 * = i Z S5 <EB <03
s¢ |- SeQ gy w e v
I ———————————— e
=ﬂ%—_‘—;ﬁ____,_ﬁ_— m——
1.747 8.0 12.000 0.425 1.190 o 25.9 -
2Al1 a4 | 55201 %2 ' {10.8) {30.2) {179}
1.752 0.430 1.200 P 26.8 —_—
2Al-2 {44.5) o 02 13,000 {10.9) {30.5) {185)
1.499 ' 7000 0.420 1.130 T.p 27.5 30.2
1A13 {38.1) 03 ’ (10.7) (28.7) (190) (208)
1Al-4 (38.1) il (10.9) (28.7) T (157) (193]
1,500 00 0.440 1.140 ) 283 16.9
1A15 {38.1) 300 (11.2) (29.0) -7 (195) (117)
1.500 0.470 1.170 . 28.3 -
1A1-6 o) 32,000 (11.9) (29.7) {195)
1.498 00 0.440 1.130 b 22.7 57.6
AT (380 32.0 112 | 287 T (157) (190
1.501 10,000 0.425 1.120 P 26.7 16.7
1A1-8 (38.1) (108) | (28.4) T (184) (115)
1.503 12 500 0.430 1.120 i 25.5 30.1
1A1-9 (38.2) ' (10.9) (28.4) TP (176) (208)
1AR10 a8 9) (1.0 | (28.7) T (249)
1.501 13,000 0.430 1.120 ] 26.0 16.6
1A {38.1) # | (10.9) (28.4) TP (179) {114)
1.500 8.0 12,000 0.430 1.120 b 23.2 21.1
WAMZ 1 31 | (seg | 03 (109 | (28.4) T (160} (145)
* P-T = TENSION APPLIED FIRST, THEN TORQUED TO FAILURE
T-P = TORQUE APPLIED FIRST, THEN LOADED TO FAILURE IN TENSION
S = TENSION AND TORSION APPL{ED SIMULTANEQUSLY




Table 7-4: . Resuits for Fracture Tests of 2219-T87 Aluminum Surface Flawed Cylindrical Specimens Subjected
to Combined Tension and Torsion

92¢

SPECIMEN p FRACTURE TEST RESULTS
RECRACKING AT ROOM TEMP STURE TEST AE
= | & |72 B TR,
2 & | |9 L = T T I
= | eg [5as|Sx| 6 | E | B |esn |Esf| EST
o e~ |FES|I L) Ge w_ 2 229 |» 2% b O Z
o annE |OE=S|I & | ob OE TR R |wEg= w @2
= S E | x9 Bl &3 20 =z E = <2z | Ea & o
5 |85z |f Y|EE| 25 | 37 | BE (9§82 |20 | 2RY
a FO= E g @z 3 o < Z < =
_. i -
L a =5
VALY 1.751 8.0 02 | 22000 0.295 0.990 > 36.7 -
i445) | (55.2) {7.52) (25.1) (253)
] 1.761 10.0 . 0.308 0.990 34.6 -
1Al-2 (4.5 | (69.00 t 16,000 | g5 | (25.4) P (238)
1.501 8.0 0.300 0.980 20.6*" 15,1%*
2A1-3 : .
38.1) | (56.2) 12,000 (7.62) (24.9) T-p (204) (104)
1.501 A . 0.300 0.990 413 -
Al-4 :
2 (38.1) 10.000 | (o6 (25.1) P (285)
1503 0.300 0.980 31.0 30.0
2A1-5 11 - : '
(38.2) 000 (7.62) (24.9) P-T (214) (207)
1.498 0300 | 0980 31.2 -32.2
2A1-6 ] .
(38.0) v | 12000 | o (24.9) P-T (215) (222)
1.499 0.307 0.980 35.6 303
2AI1-7 . 0.2 12,000 - .
(38.1) ' (780 | (24.9) TP (245) (209)
1.500 0.295 0.940 36.8 15.7
2A1-8 0.3 | 30,000 :
(38.1) (7.49) | (239 TP (254] (108}
1.502 ' 3 0.300 0.960 36.1 204
2A1-9 35,000 -
{38.2) (7.62) {24.4) P (249) (203)
1503 0.300 0.940 226 -
2A1-10 45,0
(38.2) 01 e | 239 P (225)
1.498 0.295 0.945 35.2 16.2
2A1-11 4 -
{38.0) v v 5,000 {7.49) (24.0) TP {243) {105)
. 1.497 8.0 0.305 0.945 32.6 -
2A1-12 0.3 0
(38.0) (55.2) 50,000 {(7.75) (24.0) P (225)
* P-T = TENSION APPLIED FIRST, THEN TORQUED TO FAILURE A
' THIS SPECIMEN HAS GONE
T-P = TORQUE APPLIED FIRST, THEN LOADED TO FAILURE IN TENSION THROUGH COMPLEX LOAD
S = TENSION AND TORSION APPLIED SIMULTANEOUSLY HISTORY PREVIOUSLY
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Table 7-5: Resuits for Fracture Tests of 2219-T87 Aluminum Surface Fla
Subjected to Combined Tension and Torsion

wed Cylindrical Spécimens

FRACTURE TEST RESULTS
SPECIMEN
PRECRACKING AT ROOM TEMP. AT ROOM TEMP.
7] '-“ = z
32 |z d = . & : |3 2 u
- o% Ea | © - u T T = TN N
S |BEE|cS|sd|sg | B8 | BT | 25 | E25| £25
2 SEE|SZ|(eS| Su wog OF 58 552 | hoz2
= ww= 1o |pd o5 : w— I W = w2
= FEZ2Z2 | >T19=( 25 z 2 4z Zc 2= r € -
2 wL=logn |W= 20 < = == 3@ DWw 200
w w = x ¥ | & = z i z ¢ J= ¥ -4+
a = < n2 w — o < <
= L hart [ w
3AI1-1 1.503 10.0 0.25 12.000 0.270 0.750 p 41.0 -
{38.2) {69.0) ' (6.86) {19.1} (283)
1.496 0.265 0.760 33.0 31.3
3Al-2 10,000 P-T
(38.0) T T {6.73) (19.3) (228) {216)
1.501 0.260 0.750 36.2 31.3
3Al-3 11,000 T-P
{38.1) l l {6.60) {19.1) {250 (218)
1.498 34.6 20.6
3Al1-4 10.0 0.25 12,000 0.260 0.760 S
(38.0) {69.0) {6.60) (19.3) (239) {204)

*

P-T
TP

H

TENSION APPLIED FIRST, THEN TORQUED TO FAILURE
TORQUE APPLIED FIRST, FTHEN LOADED TO FAILURE IN TENSION
TENSION AND TORSION APPLIED SIMULTANEQUSLY
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Table 7-6: Fracture Toughngss Data of 1.00 Inch Thick A4V 3-STA Titanium

SPECIMEN FATIGUE CRACK EXTENSION FRACTURE TEST RESULTS
AT ROOM TEMP.
?) i 'R -
Ny
= E o« o - & w [ 5 & .=
< BE | ZE|S S |53 389 |8=10 e = SSEIF 5| ¢ 5
S w < > Z < < oW T E == < = LTz |l =] 4, 2
= ZE - o = o = Z 1 N E TS =4 o R £ W | :
u b4 X = n b O = € L o o= == o Iz
= SE |22 | R 8% (35 | =3 = o = OE= [E¥ < I
> T9 ==Z E @ w = = o a5 = - = > C-o |4 T
w s = < E = O w - = 5 [&] ||-_l_-| E Own ¥ =7, & Ll>.l &
o < w2 FQ w = = a % < z 9
s
Fﬁ L == — ]
ATFR1 1 505 | (3080 | (278) (0.44) | (8.99) (906) | (75.0
69.2
(76.1}
0.205 | 1205 | 400 5 0097 | 0354 | . AIR 134.9 70.2
ATRRZ 521 | (208 | (2780 | & 2500 | 0.47) | (8.99) (9300 | (77.1)
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Tabte 7-7: Results for Fracture Tests of 6Al-4V 3-STA Titanium Surface Flawed Cyfindn'cal Specimens
Subjected ta Combined Tension and Torsion

FRACTURE TEST RESULTS
_SPECIMEN PRECRACKING AT ROOM TEMP. AT ROOM TEME.
= [ -
O = —~1 = i T w TR
= o® g Sl | 5 ¥ < =
Y | Ee |3af|lEX] 2 = B = |g8r |wz 3T |wz ;%
3 Qu_ 1faZlE L] Sy L_ {Z E |55w |Sqg8z |Sygoz2
| 2LE |28 84 | SF [297 |&3= |82 |3zed
5 |83z [27¢|=5| 25 | 32 |3 SR MRpEg (vh R
=) o= Ia B 1 o< e
- —
0916 | 315 T, 0.183 0.500 1175 —
4TR-1 0.2 00 P
233 | @ %4 (4.65) (12.7) (810)
4TR2 0.891 N 4 0 0.187 0.600 5 103.4 -
(22.6) 300 (4.75) (15.2) (713)
0.950 0.187 0.605 728 85.5
4TR-3 3500 P-T
{24.1) (4.75) (15.4) {502) (590)
0.953 0190 "} 0615 82.7 50.7
4TR-4 000 P-T
(24.2) 3 (4.83) {15.6) {570) {350}
4TRS 0.940 0.186 0.604 b 96.7 _
(23.9) 2000 (4.72) {15.3) (667)
0.951 0.196 0.615 84.2 69.6
4TR-6 2600 P-
(24.2) (4.98) 115.6) T (581) (480}
0.953 0.194 0.618 94.0 70.0
4TR.7 600 T-P
{24.2) 2 (4.93) {15.7) {648) (483)
0.951 0.190 0.616 77.4 §4.0
4TR8 | (242 4800 | 483 (15.6) T-P (534) (579)
0.952 0.188 0.610 90.0 60.7
4TR-9 {24.2) 2600 14.78) (15.6} P-T (621) (419)
0.950 0.204 0.618 04.7 60.3
ATR10 1 (24.1) 3500 (5.18) (15.7) T-P {653) (416)
0.952 0.200 0.612 104.8 30.0
4TR-11 (24.2) 3600 (5.08) {15.5) T-P {723) {207)
0.953 0.210 0.615 - 106.2
4TR-12 (24.2) v v 7000 {5.33) {15.8) T (732)
0.949 31.5 0.220 0.610 94.8 a8
4TR-13 (24.1) 217 | 02 | 6000 (5.59) (15.5) S (654) (288)
* p.T = TENSION APPLIED FIRST, THEN TORQUED TO FAILURE
T-P = TORQUE APPLIED FIRST, THEN LOADED TQ FAILURE IN TENSION

S

TENSION AND TORSICN APPLIED SIMULTANEOUSLY



0tz

Table 7-8: Results for Fracture Tests of AI-4V 3-STA Titanium Surface Flawed Cylindrical Specimens

Subjected to Combined Tension and Torsion

FRACTURE TEST RESULTS
SPECIMEN PRECRACKING AT ROOM TEMP. TPRE TEST RES

= —_

o= |e | x| 5 |z £ Wi luz 8 | Lz
--% L& Uga"g- 5 =t x, & E = E g%b’: xo Z3 T, 2=
- = o= > <= [} w oy fa] E w E = g w O OZ SHpe=
G5 | 2LE [REZ|8% 2| 83 | =72 | 292 |33% |24zz | 2ipz
W 3 F2E | xE-lu | 20 z = = Z jogoc |« 2= < E T
S | 852|278 S| 25 |2 I S |3BR |vwHEg [ +5ERE

- w [T
I— Ee——

’ 0954 | 25.0 0.298 0.698 264 88.0
R-1 0 | o2 6000 S - -
STR14 1 a2 | (1721 > ©s8y | u7n (182) (607)

0.048 - 0.280 0.680 50.0 86.3
4TR-1 4500 P-T
5 (24.1) (7.11) (17.3) (345) (595)
0.952 0.304 0.720 49.2 84.0
4TR-1 5000 TP :
1 (22 (7720 | (18.3) (339) (579)
0.950 0.304 0.688 70.0 49.9
ATR- 10,000 P-T
TRI7T 1 2am) v | @ | s (483) (344)
0.946 0.284 0.690 76.8 59.8
: 025 | 3500 T.p
4TR-18 (24.0) (7.21) (17.5) (530) (412)
0.949 ' 0.264 0.667 81.3 -
. 20 | 3000 P
ATR-19 1 24,1y 0.2 ©71) | (16.9) (561)
0.916 0.268 0.660 81.3 -
-20 3000 P
4TR (23.3) 4 681 | (16.8) (561)
0.886 0.268 0.672 344
; 000 P-T 70.1
4TR-21 (225) v 4 {6.81) (17.1) 1483) (237)
0.920 25.0 0.270 0.665 58.9
. 3500 P-T 65.0
4TR-22 (23.4) | (172) (6.86) (16.9) (448) {406)
0950 | 315 0.288 0.665 -
] 2500 P-T 69.3
TR23 1 e | 2 (7.32) (16.9) (478)
0950 | 315 0.280 0.670 753
i 500 P-T 60.0
WR24 ey | oy | w |3 (7.1 (17.0) (414) (518)
0945 | 315 0.294 0.680 36.1
i 00 T-P 824
TR25 | a0 | 21 | 00| 38 (7.47) (17.3) (568] (249)
‘ 0,951 25.0 0.2868 0.655 35.0
. ) 5000 - T-P 81.6
ATR26 ) 242 | (72 | 9% (6.81) (16.6) (563) (241)
0.043 75.0 0.300 0.682 T _ 954
ATR27 1 (2a1 | iz | %8 ] B9 | (762 (17.3) (658)
* P-T = TENSION APPLIED FIRST, THEN TORQUED TO FAILURE
T-P = TORQUE APPLIED FIRST, THEN LOADED TO FAILURE IN TENSION
S = TENSION AND TORSION APPLIED SIMULTANEOUSLY
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Table 7.9

Results for Fatigue Tests of 2219-T87 A

to Combined Tension and Torsion L oadings

fuminum Surface Flawed Cvlindrical Specimens Subiected

% = > = S 2. " Zf E\f @ <
4] - = W
E | &© 2 <5 | 28 |24 8| | £ | 3 z &
< E g T GE~ | QU [=z2|2% <0 o 50
2 | ghe | 297 | SZ¢ | o6C |SET |BE[EE| If |2F: {22,
SE | Buf | 2ZE | 25E | 385 |38s |Z2F|EE| 8o | SFE it REMARKS
=+ ==E bl Y Ey = sd=Z = o= - v a ~— <z =
oz "L Ea= E=z =3 | 2«42 =0 feg W= Z L0 z2Z 7
za | FoZ2 | 282 | 2hZ | x2° | XE° [2p |22 | 25 | 282 [E§2
= w =L P wI | Fa <
=F¥ [ =0¥ |FElEE | 23
f—— —————— — e — |
SAI-1 1.499 0.298 0.940 30.0 —_ 0.05 0.0 160 0.435 0.980 T
{38.1) - (7.57) {23.9) (207} {11.0) {24.9)
EAJ-2 1.501 0.295 0.940 26.9 - * 179 0.440 0.960 T
{38.1) (7.49 {23.9) {185) (11.2} {24.4)
5A1-3 1.500 0.285 0.936 23.5 - 2224 0.522 1.135 T
{38.1} {7.24) {23.8) {162) : (13.3) (28.8)
5Al-4 1.502 0.290 0.945 28.8 28.6 127 0.335 1.11¢ | F, DELAMINATION TYPE
(38.2) 17.37) (24.0) (199) (197) , (8.51) (27.9) . OF GROWTH
(38.2) 737 | @ | 177 (9.14) | (2009 |T-OUTOF PLANE GROWTH
EALG 1.501 0.290 0.945 22.6 226 524 0.360 1.060
(38.1) (737 | (240 (156) (1561 (9.14) | (26.9) |7 OUT OF PLANE GROWTH
BAI-7 1.500 0.285" 0.935 25.8 257 133 0.325 1.095 F
(38.1) (7.24} (23.7) {178} (177 {82.6) (27.8)
5A1-8 1.503 0.285 0.940 30.4 30.3 3 - - F
{38.2) (7.24) (23.9) {210} {209) '
SA1-9 1.500 0,295 0.945 . 8.8 7533 - 0.430 1.320 T
{38.1) {7.49) (24.0) (199) (10.9) {33.5)
5A1-10 1.500 0.428 1.120 24.3 _ 27 0.472 1.135 e
{38.1) {10.9} (28.4) {168) (12.0) (28.8)
5AI-11 1.501 0.420 1.105 21.5 - v v 569 0.562 1.265 T
{38.1) (10.7) {28.1) (148) 005 | oo (14.3) {32.1)

T = TEST TERMINATED COUPLE OF CYCLES PRIOR TO FAILURE

F = FAILURE OCCURED WHILE CYCLING THE SPECIMEN’

I = FLAW SIZE AT FAILURE COULD NOT BE SEEN DISTINCTLY
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Table 7-9: (Continued)

© 3 < ik
8 z Su 2 < 2 =
= ov E 3 oh Dy 8= = | gu z 2z
< a4'd o <& > >0 2 P <0 a5 T
=0 o e e ok oW e : L] 3
2 e - L, = Tax] L £ w2 W T = TTr= REMARKS
wu e Jr= o =Yg =k E s | 53 o S =
s s 4TS IE= SwE S0z 28 B s o 4T Faos
i Be_ Eo Ez> TH=E 2z 52 «© m= Z5 Z5
&0 FOZ ZnZ zZuz Xz= ﬁ“‘a ZF <t§ 23 inZ waZ
- SEE =59 M %g 29 .
| 0.424 1110 19.2 005] 0o | 0.530
1.602 3 . A A . 1.295
1-12 — _ .
5A 382 | (108 | (282 (132) % 924 (13.5) (32.9) T
] 1.500 0.425 1.115 23.2 23.1 _ —
SAMS 1z | vos | (283 (160) (159) 6 k.|
1.501 0.416 1.110 20.4 204 0.435 1.160
Al-14
° (38.1) (10.6) (28.2) (141) (141) 24 (11.0) (29.5) F.
1.499 0.420 1.115 17.3 17.4 C.460 1.170
I-1
SAMS | aany | (07 | (283 (119) (120) B8 (29.7) F
1.501 0.415 1120 23.0 0.480 1.370
BAI-16 —_—
(38.1) (105 | (28.4) (159) 7500 (12.2) (34.8) T
1.503 0420 1.115 275 0.515 1.400
BAL-17 _— .
@82 | on | (283 aoo | ¢ | & | ¥ | w3 (35.6) F
1.495 0418 1.110 14.2 13.4 0.770 1360 | 1. ONE SIDED OUT OF
Al-1 005 | 00
SAMIB oy | (08 | (282 {98) 99) 29 | (194 (34.5) PLANE GROWTH

T = TEST TERMINATED COUPLE OF CYCLES PRIOR TO FAILURE
F=FAILURE OCCURRED WHILE CYCLING THE SPECIMEN

I = FLAW SIZE AT FAILURE COULD NOT BE SEEN DISTINCTLY
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Table 7-10:

Results For Fatigue Tests of 6A1-4V BSTA Titanium Surface Flawed Cylindrical Specimens

Subjected to Combined Tension and Torsion Loadings

Z I “ o
© z o2 Q w < <| 25
& o e % 5| - afalas |BS S| g8 | =3y
~ o ~ o
z O EEE | @wE | oNE | 24 s T e 21 8%| 28 | .. | T8 _
[CY T Wwp - — I I-"'" Ul—z [ 2 g (%] = o = u.s u_m £ wT E
o | S| SEZ | 352|385 355 |5F | ES) 85 | IzE | SEE| mewans
SE | 827 | ERET | E2T | 222 ] 222|285 co | 52 | S5 | 22
&2 o 2o z4 xzv | X§ 2 i Y= g2 Ta~ | a7
| == | =3 |"&|z3]| 39
5TC-1 0.950 0.190 0.601 90.0 — 005 | 00 88 0.270 0.622 T '
(24.1) {4.83) {15.3) (621} (6.86) (15.8)
5Tc2 | 0951 0.200 0.505 80.0 — A 4 334 0.358 0.690 T
(24.2) (5.08) (12.8) {652) (9.09) {(17.5)
5TC-3 0.951 0.192 0.602 70.0 — 752 0.380 0.690 T
{24.2) {4.88) {12.8) {483) (9.65) (17.5)
ETC-4 0.948 0.190 0.495 75.0 60.0 152 0.320 0.670 T
(24.1) (4.83) {12.6) {517} (414) {8.13) (17.0)
5TC-5 0.953 0.196 0.501 58.8 51.1 678 0.380 0.695 T
(24.2) {4.98) {12.7) {405) (352} {9.65) (17.7)
ETC-S 0.952 0.192 0.500 85.8 43.0 69 0.292 0.550 T
{24.2) {4.88) (12.7) (590) {296) (7.42) (14.0)
5TC-7 0.949 0.194 G.508 65.8 33.0 497 0.336 0.690
: {24.1) (4.93) {12,9) (454) (228) (8.53) (17.5) T
5TC-8 0.948 0.192 0.505 67.0 58.0 216 0.352 0.715
(24.1) (4.88) | (12.8) {462) {480) A\ (8.94) (18.2) T
5TC-0 0.938 0.196 0.495 — 66.0 0.05 0.0 6627 - —_— F i
(23.8) (4.98) (12.6) {455) !

T
F =
I

= TEST TERMINATED COUPLE OF CYCLES PRIOR TO FAILURE
FAILURE OCCURRED WHILE CYCLING THE SPECIMEN
= FLAW SIZE AT FAILURE COULD NOT BE SEEN DISTINCTLY




Table 7-10: (Continued)

Hee

-— = — a<Z
~ Q5 S < =| Y
= . 1w . (72 I
o & Z T o oy 2f|aS| B8 | 2 2 %
> > ~ |6 y— q ™
Z = —t | —~— @x _ W o zZ w < - | o
W < 5 & I = ol Ora -2 | w2z <> L 3%
= = nke | 22 [E8E [ 228 |SpE (oS |25 62 | o8 | EEe REMARKS
=T wi E =T E EY = Sw= Swu= =85 = 2 @ it E ..J"E
i == E cEE | 2 ; sSJ= Sz o= | 2= c > So= <QE
a & v EaZ |22 | %32 | %<2 | 52 |20 | Y5 sz 222
& Z W=z z iz < xZz = X = z- | £ s = =
oS o= — LWy <Tw S« w <
= U =S¥ S Fae | I& 29
) 0.949 0.282 0.718 69.0 _ 005 | 00 0.340 0.755
STCT0 1 124) (7.18) (18.2) (476) 30 (8.64) (19.2) T
. 0.950 0.276 0.698 61.6 — F'y 0.384 0.748
STe-1 (24.1) (7.01) (17.7) (425) * 99 (9.75) {19.0) T
- 0.950 0.280 0.702 54.0 — o 0.394 0.786
STCTZ 1 ey | (17.8) (372) “ (10.0 (18.9) !
.1 0.945 0.280 0.702 59.4 59.4 0.380 0.805
STC13 (24.0) (7.11) (17.8) {410) (410) 86 (9.65) 120.4) T
5TC-14 0.869 0.272 0.675 52.8 52.8 93 0.374 0.790
(22.1) (6.91) (17.1) (364) (364) (9.50) (20.1) T
5TC-15 0951 | 0.276 0.705 46.2 46.2 | 218 — _ F, I
(24.2) (7.01) {17.9) (319) (319) '
5ETC-16 0.948 0.280 0.699 67.5 34.0 65 0.372 0.795 N
: (24.1) {7.11) {(17.8) (468) {234) {9.45) (20.2)
] 0.951 0.286 0.702 52.5 26.0 v 159 0.384 0.817
sTeT? (24.2) (7.26) (17.8) (362) (179) (9.75) {20.8) T
5TC-18 (24.1) {7.16) (17.8) (414)

TEST TERMINATED COUPLE OF CYCLES PRIOR TO FAILURE

FAILURE OCCURRED WHILE CYCLING THE SPECIMEN

FLAW SIZE AT FAILURE COULD NOT BE SEEN DISTINCTLY.
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Table 8-1: Notch Dimensions and Applied Loading for Photosglastic Test Specimens

SPECIMEN NOTCH APPLI
TYPE CUTTER RANGE OF MEASURED LIED
OF RADIUS NOTCH ROOT RADIUS
DEPTH LENGTH [
e | QAL | | o | G o
IN {om}| IN (mm) | N (mm} _
= — . o
’ 2.50 SUREACE 0.50 1.65 1.75 0.0006 —  0.0008 15.4 -
(63.5) (12.7) {41.9} {44.5} (0.016 — 0.020) (68.5)
{63.5) {12.7) {41.9) (44.5) - {1.13)
3 . 2.50 SURFACE 0.75 1.0 : 1.75 0.0004 11.9
{63.5) (19.1) (48.3) {44.5) {0.010) {52.9) -
4 2.50 SURFACE 0.75 1.90 1.75 — . 7.5
(63.5) {19.1) (48.3) (44.5) - {0.85)
5 1.50 SURFACE 0.30 1.00 1.06 0.0004 10.3 -
(38.1) {7.6) (25.4} {26.9) {0.010) (45.8)
6 1.0 SURFACE 0.30 1.00 1.06 - . —_ 5.6
(38.1) (1.6) (25.4) {26.9) {0.63)
7 2.50 CIRCUM- 0.50 0.002 15.1
{63.5) FERENTIAL| (12.7 - - {0.051) {(67.2) -
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Table 82 Stress Intensity Factors K ¢ at Various Locations of Surface Flaws in Cylindrical Specimens Subjected to
Tension from Phatoelastic Tests
S STRESS INTENSITY FACTOR, K| FROM PHOTOELASTIC RESULTS K|||-1/ K|||-4 NS OTHER
NUMBER AT LOCATION 11 -2 1-3 -4 DETAILS
Ki 2.45 3.39 3.71
:(Ksl:lma (2.68) B (3.73) 4.08) a=0.50 IN. (12.7 mm}
1 K,/Yo /3] 0.46 - 0.64 0.70 0.66 0.79 a/D = 0.20
K,/1.950 \a) 0.57 — 0.78 0.86 a/2c = 0.31
K,/{1.950 \/a7Q} 0.71 - 0.99 1.08
st Vi hao - e &0 2= 0.75 IN. (19.1 mm}
3 K /(Yo \fal 0.78 - 0.85 0.88 0.89 0.88 ~a/D = 0.30
K,/(1.950 +/a) 1.18 - 1.28 1.32 a/2c = 0.9
K,/11.950 Vara) 1.65 - 1.80 1.86
:‘EEJ‘E:; (@'55) & 8:59) &7 2= 0.30 IN. (7.6 mm)
5 K)/(Yosfa 0.54 0.70 0.78 0.80 0.67 0.79 a/D = 0.20
K)/{1.95 ov/a) 0.67 0.86 0.96 0.99 af2c = 0.31
K,/(1.950¢ \/a/Q ) 0.8 1.10 1.23 1.26
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Table 8-3: Stress Intensity Factors Ky at Various Locations of Surface Flaws in Cylindrical Specimens Subjected

ta Torsion From Photoelastic Tests

STRESS INTENSITY FACTOR K| AT LOCATION

Kyl | ks
MAX APPLIED n 1 ILS
SPEI\%I\QEN SHEAR STRBESS -1, |<”||-1 12, K”.|1-2 1-3, Ky, ,|l-3 I-4, K|||l-4 /73 Kpf1-1 OTHER DETA
NU 7= 16T/{mD3} IN PSI /IN
2 PSI 4/IN, PSI /1N, PSI /IN. :
PSI (KN/m?) KN/m¥2) | (kN/m32) | (knm32) | (kmd2)
—— | ——————
= 0.50 IN. (12.
) 3.26 3.46 252 — 0.26 0.80 0.08 :/D0=50_20 (12.7 mm}
(3.59) (3.81) (2.77) (0.29) a/2c = 0.31
4 2.45 3.20 2.51 1.36 0.17 085 0.05 :/EE};S;;S' - 19.1 mm)
(2.69) (3.52) {2.76) (1.50) (0.19) a/% = 0.39
—— : =0.30 IN. (7.
] 8.45 5.47 4.2 2.35 0.29 0.67 0.05 2 1030 - 17.6 mmi
(9.29) 16.02) (4.63) {2.58) (0.32) af2c = 0.31




APPENDIX A: PHOTOELASTIC DATA

Fringe orders measured at various locations of local ceoordinates n and z
(Figures 8-3 and 8-6) for slices taken in n-z plane of Specimens 1, 3 and
5 loaded in tension and Specimens 2, 4 and 6 loaded in pure torsion are
shown in Figure A-1 to A-2]1. Each figure also shows slice location, slice

thickness and model fringe constant.

For Specimens 2, 4 and 6, which were loaded in pure torsion, a subslice in
the form of & rectangular parallelopiped was prepared from each of the n-z
plane slice, as shown in Figure 8-6. Rectangular subslices were taken at
z = 0.02 in. (0.51 mm) away from the notch plane. Measured maximum shear
stress Tot at various locations of distance n are given in Table A-1 for

these subslices.
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Distance Z

>

Slice Location = [-1
Slice Thickness = 0.024 in. (0.61 mm} 2
Madel Fringe Constant = 40,23 psi {0,277 MN/m*)

0.112 0.094
0.110 0.069
0.01 in.
{0.25 mm)
A Distance n
_______—j _.,
{0,0) .
£|E
S8
9l
LL 0.108 0.058
0111 0.083

Figure A-1:

Measured Fringe Orders for the Cylindrical Specimen 1 in Tension at Slice Location I-1
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Slice Location = -3
Slice Thickness = 0.041 in. {1.04 mm}
Model Fringe Constant = 23,38 psi {0.161 MN/m2)

>

N
8
c
&
2
0.225 0.175 0.148
|
0.244 0.172 0.131
0.233 0.139 0.083

0.01 in.
{0.26 mm)

ﬂ Distance n
_ T {0,0)

|E
ElE
c|&
Sls
0.222 0.122 0.083
0.23%9 0.172 0.131
0.225 0.190 0.156

Figure A-2:  Measured Fringe Orders for the Cylindrical Specimen 1 in Tension at Stice Location -3
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Slice Location = i-4

=

Slice Thickness = 0.04 in. (1.04 mm)}
~ Modet Fringe Constant = 23.43 psi (0.162 MN/mZ2)
g
&
B
&)
0.233 0.186 0.143
0.247 0.164 0.136
0.244 0.107 0.075
0.01 in.
{0.25 mm)
— Dist
Istance n
- (0,0) -
£ 1€
=1
°ls
0.264 0.156 0,107
0.269 0.183 0.147
0.222 0.196 0.156

Figure A-3:  Measured Fringe Orders for the Cylindrical Specimen 1 in Tension at Slice Location 14
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>

Slice Location = |-1
Stice Thickness = 0.041 in. {1.04 mm)
Model Fringe Constant = 23.58 psi {0.162 MN/m2)

[t
g
%
k7]
;]
0.289 0.203
0.294 0.136
0.01 in. £ E
(0.26 mm) S &
°le
o * Distance, n
——
- (0,0} 0.005 in.
{0.13 mm) 0.200 0.081
0.302 0.196

Figure A-4:  Measured Fringe Orders for the Cylindrical Specimen 3 in Tension at Stice Location I-1
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o

Slice Location = 1-3
N Slice Thickness = 0.040 in. (1.02 mm) 9
& Model Fringe Constant = 24.25 psi {0.167 MN/m*)
(&)
2
0.275 0.228
0.316 0.218 0.165
0.286 0.157 0.099
| E
0.01 in. L} E
o |8
——) * Distance, n >
0,0 0.005 in.
(013 mm) o223 0.091 0.051
0.318 0.1%0 0.131
0.290 0.217

Figure A-5:  Measured Fringe Orders for the Cylindrical Specimen 3 in Tension at Slice Location 1-3
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Slice Location = 1-4

-»

N Slice Thickness = 0.040 in. {1.02 mm)
e Model Fringe Constant = 24,37 psi {0.186 MN/m2)
<
B
[
0.267 0.214
0.315 0.231 0.160
0.327 0.185 0.103
0.01 in. g ‘g
(0.25 mmj g g}
=)
: DIST
L ANCE, n
(0,00 0.005 in.
0.13 mm) 0.093 0.053
0.333 0.207 0.142
0.288 0.219

Figure A-6:  Measured Fringe Orders for the Cylindrical Specimen 3 in Tension at Slice Location 14
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-

Slice Location = I-1
N Slice Thickness = 0.039 in. {0.99 mm)
¥ Model Fringe Constant = 25.13 psi {0.173 MN/m>2)
=
2
=
0.317 0.253
0.306 0,183
| E
0.0l in. Sl
{0.25 mm) =1k
. o 9"-
* Distance, n
= (0.0) 0.005 in,
{0.13 mm}
0.222 0.100
0.328 0.233

Figure A-7:

>

Measured Fringe Orders for the Cylindrical Specimen § in Tension at Slice Location 1-1
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Slice Location = [-2

>

Slice Thickness = 0,038 in. (0.97 mm) 2
N Model Fringe Constant = 25.46 psi (0.176 MN/m?)
g
=
B
a .
0.347 0.269
0.369 0.272 0.211
0.358 0.197 0.116
E
Q01 in. =lE
i
(0.25 mm) 3|8
- Distance, n
— v , :
- (0,0 0.005 in,
{0.13 mm) ‘
0.249 0.101 0.062
0.367 0.249 0.163
0.358 0.279

Figure A-8:  Measured Fringe Orders for the Cylindrical Specimen § in Tension at Slice Location 1-2
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Slice Location = I-3

Slice Thickness = 0.040 in. {1.02 mm)
N Mode! Fringe Constant = 24,56 psi (0.169 MN/m?)
a
2
0.367 0.303
0.411 0.331 0.211
0.411 I0-211 0'128
. | E
0.01 in. ElE
— 10
{0.26 mm) SN
! =2 P
‘— + Distance, n
o (0,0 0.005 in.
{0.13 mm)
0.122 0.069
0.414 0.267 0.178
0.394 0.319

Figure A-9:  Measured Fringe Orders for the Cylindrical Specimen 5 in Tension at Stice Location 1-3
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Slice Location = |-4

.

N Slice Thickness = 0.038 in. (0.97 mm) a
5 Model Fringe Constant = 25.32 psi (0.175 MN/m®)
o
2
z
0.372 0.303
0.406 0.321 0.206
0.396 . 0.222 0.122
E
0.01 in. oI E
Sla
(0.25 mm} 3[3
Distance, n
{00 0.005 in.
(0.13 mm}) 0.122 0.067
0.406 0.278 0.181
0.389 0.325

Figure A-10:  Measured Fringe Orders for the Cylindrical Specimen 5 in Tension at Stice Location i-4
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Slice Location = I-1

—

Slice Thickness = 0,025 in. {0.63 mm) 2
N Model Fringe Constant = 39.00 psi {0.269 MN/m }
2
=
2
0.156 0.167
0.233 0,222
E
0.01 in. =l
) o o
‘ (0.25 mm) P g
Distance, n
T (0,0) 10.005 in.
(013mm) | 303 0.244
0.169 0.198

Figure A-11: Measured Fringe Orders for the £ viindrical Specimen 2 in Torsion at Siice Location /-7
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L

N Slice Location = -2
& Slice Thickness = 0.04 in, {1.02 mm) 2
@ Model Fringe Constant = 24.07 psi {0,166 MN/m*}
(]
.é
0.131 0.144
0.178 0,184 0.189
0.289 0.272 0.233
—L2.01 in. £ E
{0.25 mm} St8
sl
— + Distance, n
%7 _’
(0,0) 0.005 in.
{0.13 mm
) 0.378 0.288 0.240
0.200 0.233 0.206
0.150 0.167

Figure A-12: Measured Fringe Orders for the Cylindrical Specimen 2 in Torsion at Stice Location 1-2
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>

Slice Location = |-4

N Slice Thickness = 0.040in, {1.02.mm) 9
g Slice Thickness = 24.37 psi (0,168 MN/m<)
2
0.014 0.017
0.017 0.022 0.019
0.028 0.025 0.022
0.01 in. €| E
olw
(0.25 mm) 2 g
E—ﬁ + DISTANCE, n
o (0,0 0.005 in.
' (0.13mm) 10,036 0.028 0.025
0.022 0.022 0.022
0.017 0.018

L

Figure A-13: Measured Fringe Orders for the Cylindrical Specimen 2 in Torsion at Slice Location 14
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>

Slice Location = 1-1

N Slice Thickness = 0.040 in. {1.02 mm) 2
o Modei Fringe Constant = 24.01 psi (0.166 MN/m<)
2
b
2
0.231 0.256
0.330 0.333
0.01 in. < E
S w
{0.25 mm) p g
Distance, n
+ ’
- 091  o.005in.
{0.13 mm)

Figurs A-14:  Measured Fringe Orders for the Cylindrical Specimen 4 in Torsion at Stice Location I-1
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Slice Location = [-2

-

N Slice Thickness = 0,03¢ in. {0.99 mm) 2
o Model Fringe Constant = 24.56 psi (0,169 MN/m~}
5
- 0.131 0.163
0.172 0.184 0.192
0.286 0.258 0.242
dE
0.01in. ZlE
{0.25 mm}) ala
c|e
L DISTANCE, n
- {0.0) 0.005 in.
A
0.13mm) 14346 0.283 0.236
0.188 0.201 D.199
0.146 0.171

Figure A-15:  Measured Fringe Orders for the Cylindrical Specimen 4 in Torsion at Shice Location -2
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A Slice Location = 1-3

Slice Thickness = 0.040 in. {1.02 mm)
N Model Fringe Constant = 24.25 psi (0.167 MN/m?2)
3
5
)
]
0.074 0.078
0.093 0.107 0.103
0.144 0.136 0.124
€
0.01 in. Sle
———Pp bl P
0.26 mm) el
(0.25m S8
i ' Distance, n
e —————— —
{0,0 0.005 in,
(0.13mm} 1155 0.153 0.128
0.115 0.124 0.115
0.081 0.002

Figure A-16 :  Measured Fringe Orders for the Cylindrical Specimen 4 in Torsion at Stice Location 1-3
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Slice Location = |-4
Slice Thickness = 0,039 in, {0.99 mm)

-

N Model Fringe Constant = 24.56 psi {0.169 MN/mZ)
&
e
(1]
2
o 0.009 0.011
0.012 0.012 0.013
0.019 0.017 0.013
E
¢—_0.01n. ; £
(0.25 mm) ¥
9; .
,‘ DISTANCE, n
(0,0) 0.005 i
(013 mm) |4 050a 0.019 0.015
x 1
0.013 0.016 0.014
0.008 0.011

Figure A-17: Measured Fringe Orders for the Cylindrical Specimen 4 in Torsion at Stice Location 14
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Slice Location = |-1

-

Slice Thickness = 0.039 in. (0.99 mm} 2
':_ Model Fringe Constant = 25.39 psi {0.175 MN/m*)
@
e}
0.354 0.413
0.5630 0.503
E
0.01 in. E E
(0.25 mm) =4 b
°ls
Distance, n
+ T
(0,0) 0.005 in.
(0.13 mm) 0.609
0.417 0.471

Figure A-18:  Measured Fringe Orders for the Cylindrical Specimen 6 in Torsion at Slice Location 1-1
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Slice Location = 1-2

»

Slice Thickness = 0.039 in. {0.99 mm) 2
N Modet! Fringe Constant = 26,39 psi {0.175 MN/m*)
@@
[
(] .
D.206 0.231
0.2563 0.282 0.321
0.430 0.389 0.397
| E
0.01 in. E]E
“oEm 2|8
+ Distance, n
OO 1 5005 in.
0.339 0.369 0.371
0.2563 0.268

Figure A-19:  Measured Fringe Orders for the Cylindrical Specimen 6 in Torsion at Slice Location 1-2

258



Slice Location = (-3

-

Slice Thickness = 0,039 in. (0.99 mm)
N Model Fringe Constant = 25.13 psi (0.173 MN/m?)
]
G
B
=]
0.101 0.132
0.149 0.165 0.190
0.233 | 0.224 0.220
E
(001 in. =€
{0.25 =t
mmj S g
4 Distarce, n
OO 4,005 in.
(0.93mm) | 5332 0.265 0.221
0.186 0.220 0.196
0.146 0.136

»

Figure A-20:  Measured Fringe Orders for the Cylindrical Specimen 6 in Torsion at Slice Location 1-3
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-

Slice Location = 1-4

Slice Thickness = 0.039 in. {0.99 mm)
N Model Fringe Constant = 25,00 psi {0.172 MN/mz)
[+F]
2
0.015 0.014
0.024 0.025 0.018
0.033 0.029 0.023
| E
001 in.__| l =
0.25 =
{ mm} S|
i Distance, n
(0,0) 0.005 in,
(013 mmt {4044 0.024 0.027
0.030 0.020
0.017 0.023
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Figure A-21:  Measured Fringe Orders for the Cylindrical Soecimen 6-4 in Torsion at Slice Location 1-4
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Table A-1:

Measured Maximum Shear Stress + nt 8t Various Locations of Distance n for Cylindrical Specimens Subjected to Torsion

MAX SHEAR STRESS 7 __ IN PS! (KN/m?) AT 2 = 0.02 IN. {0.51 mm), t = 0.0, AND AT
SPECIMEN SUBSLICE
NUMBER LOCATION n=0.005 IN, n=0.0101N. n=0.015IN. n=0.020 IN. n=0.025 IN, =0.030 IN,
= {0,127 mm) = (0.254 mm} ={0.381 mm) = {0.508 mm) ={0.635 mm) ={0.762 mm)
L I __FIr — - 1 L —
1-1 3.73 (26,7 3.22 (22.2} 2.72 (18.8} 2.01 {13.9} —_ _—
2 1-2 2.93 (20.2) 2.49 (17.2) 2.00 (13.8} 1.70 (11.7) 1.22 (B.4) 1.00 (6.9}
14 3.45 (23.8) 2.96 {20.4) 2.26 (15.6) 1.90 {13.1} 1.55 (10.7) 1.30 (9.0
-1 3.58 {24.7) 3.01 (20.8} 2,256 16.5) 1.82 (12,8} —_ —_—
a 1-2 3.92 (27.0) 3.25 (22.4) 3.0t (20.8) 248 (17.1) 1.82 (12,5 1.53 {10.5)
13 3.34(23.0) 2.82{19.4) 2.29 (15.8} 1.77 (12.2} 1.43 { 9.9) 1.1517.9)
-4 2.39 {16.5) 1,86 (12.8) 1.53(10.5) 1.16 {7.9) 091 16.3) —
-1 3.50 (24.1) 2.84 (19.6) 2.32(16.0) 1.88 (12.8) —_ —_—
1-2 2.97 (20.5) 248 (17.1} 1,96 (13.5} 1.64 (11.3} 1.24 ( 8.5} -_—
® 1-3 2.50{17.2) 2.10(14.5) 1.56 {10.8) 1.23 [ 8.6) 1.00 (8.9} —_
1-4 2.301{15.9] 1.90 {13.1) 1.49110.3) 1.14 { 7.9) 0.95 ( 6.6 —_




APPENDIX B: LIST OF SYMBOLS

a Crack depth of surface flaw or semi-minor axis of ellipse or half

crack length for through cracks.

b Half width of through cracked specimens.

2c Crack length of surface flaw or major axis of ellipse.
d Diameter of the round bar in the plane of the crack.

o Diameter of the round bar.

E Young's modulus.

E{k) Complete elliptical integral of the second kind.

| Moment of inertia

k,k' Modulus and complementary modulus for elliptical integrals
given by k2 = 1 - a?/c2 and k'2 = az/cz.

K(k) Complete elliptical integral of the first kind.

K' Opening mode or Mode | stress intensity factor.

Kil Sliding mode or Mode || stress intensity féctor.

K!II Tearing mode or Mode 11} stress intensity factor.

ch Plane strain fracture toughness for Mode |.

Kllc Plane strain fracture toughness for Mode I

Klllc Plane strain fracture toughness for Mode lII.

K|E Plane strain fracture toughness for Mode | from surface flawed

spec imens.

Klb Mode 1 stress intensity factor due to pure bending.

Klt Mode | stress intensity factor due to extensional (tensile)
loading only.

MB Parameter for stress intensity factor for a semi-elliptical
surface crack in a plate subjected to bending.

MK Stress intensity magnification factor for a semi-eiliptical

surface crack in a plate subjected to uniform tension.
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n,t,2

[0
ys

Local curvilinear orthogonal coordinate system at the crack

front.

Applied load.

R DZIZJ'/- . 7

LE(K)] . (o Uysi

Radial distance from crack front in x-y or n-z plane.
Thickness of flat specimen or tube.

Applied torque.

Width of flat specimens.

Cartesian coordinates.

Dimensionless stress intensity coefficient for single edge cracks.
Proof test factor.

Crack opening displacement at the diametral center for an

elliptical crack or flaw opening displacement for a surface flaw.
Angle in polar coordinates.

Shell parameter.

Shear modulus.

Poisson's ratio.

Notch root radius,

Gross applied tensile stress,

Maximum bending stress atouter fibers of the flat specimen.

Maximum shear stress at outer fibers {surface) of a cylindrical

specimen subjected to torque T. T = 16T/( D3).
Uniaxial tensile yield strength.

Angle between the crack plane and specimen cross section.
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cr

SUBSCRIPTS

at initial conditions
at critical conditions
at final conditions

at fracture
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